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Abstract

We present a facial wearable robot to support eyelid movement for patients with hemifacial paralysis. People with
facial paralysis are not able to blink, which leads to dry eyes and could cause permanent damage to the cornea. To
address this issue, we developed a robotic system to support eyelid movement on the paralyzed side based on volun-
tary eyelid movement on the healthy side. The robot has a novel mechanism for supporting eyelid movement and is
made from soft material, which we call the eyelid gating mechanism (ELGM). We defined the requirements for eyelid
manipulation. Then, we introduced design rules for the ELGM based on this definition, and conducted a deformation
analysis. As a result, we could control deformation so that it is tailored to eyelid movement with simple rotational
input at two hinged ends. This system provides appropriate support for eyelid movement in a non-invasive and gen-
tle manner, based on voluntary eyelid movement on the healthy side. In this paper, we present a performance evalu-
ation of the developed ELGM and the wearable facial robot. We confirm that ELGM could aid eyelid closure in 8 out of
10 patients. Further, we find that the time lag between eyelid closure detection and completion was 236.9 + 19.4 ms.
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Introduction

Wearable robots for supporting human movements
have been developed all over the world and have been
recently reported in the literature [1]. As an example,
these robotic technologies are used in medical welfare,
military and so on. Medical welfare applications have
gained considerable attention in recent years. In this
field, the purpose of the robot is mainly to provide physi-
cal therapy, enable semi-automation of therapeutic tasks,
and improve movement reproducibility. The robot suit
HAL (CYBERDYNE Inc.) is one of the pioneering works,
which can support human gait function based on the
wearer’s intention using surface myoelectronic poten-
tials [2]. In the current state, wearable robots mainly
support articulation of body joints, but only a few tech-
nologies support other body movements such as facial
movement [3]. It is important that the robots can support
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and indicate if changes were made.

body movement other than joint articulation to further
advance the field of wearable robotics.

The human face comprises mimetic muscles that con-
trol facial skin and tissue rather than joints. People with
facial paralysis lose control of these facial muscles, pri-
marily on one side of the face [4]. Facial paralysis rates
are reported to be 4/10,000 per annum, overall. These
patients suffer from severe distractions in many ways,
including inability to close an eyelid, make facial expres-
sion, and purse the lips [5]. The inability to close an eye-
lid presents health problems. A perpetually open eye is
at risk from exposure to debris and dryness, which can
result in chronic irritation and pain. In addition, an ina-
bility to blink may lead to permanent corneal damage
from ulceration or infection. Aside from the functional
impairment in blinking and other facial movements,
facial paralysis is also a major psychological barrier, and
patients tend to avoid social involvement or try to con-
ceal their faces while interacting with other people. As a
result, facial paralysis can significantly affect the quality
of life of patients.

There are some engineering approaches to support
facial movements based on the healthy side. Senders
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et al. [6, 7] proposed an implantable device to reani-
mate an eye blink based on a blink on the healthy side.
This device used an electroactive polymer artificial
muscle that pulls a sling attached to the upper eyelid.
Moreover, Xin et al. [8] proposed a functional-electri-
cal stimulation method to restore an eye blink based
on myoelectric signals of the orbicularis oculi on the
healthy side. We also proposed a wearable robot to sup-
port movement of the mouth corner in order to recon-
struct facial expressions [3]. Based on detection of
myoelectric signals which mimic muscle on the healthy
side, this robot provides non-invasive physical support
by pulling the facial skin.

In this study, we have developed a facial wearable
robot to support eyelid closure movement on the par-
alyzed side non-invasively by using eyelid closure on
the healthy side, as shown in Fig. 1 [9]. This robot has
a mechanism for supporting eyelid movement made
from a soft material, which we call the eyelid gating
mechanism (ELGM). The ELGM deforms with a sim-
ple rotational actuation input, and the deformation is
customized to a particular eyelid movement. This robot
is designed for daily life support. Design and develop-
ment of the robot is introduced and implemented in
this study. The performance of the proposed ELGM
was tested on patients with facial paralysis. The ELGM
could support eyelid closure on 8 out of 10 participants.
The time lag between eye closure on the supported and
non-supported sides was found to be 236.9 £+ 19.4 ms.

Paralyzed Side Healthy Side

Motor

Fig. 1 Facial wearable robot. 1. This robot detects eyelid movement
on the healthy side. 2. Eyelid movement detection triggers the
support. 3. Rotational actuation input from a motor is transmitted to
the ELGM via a pulley-wire system to manipulate the eyelid on the
paralyzed side. The size of the robot is 155 x 205 x 25mm, and its
weight is 90.1 g [9]
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Requirements

Here, we describe the requirements for eyelid manipula-
tion based on the physiological characteristics of eyelid
movement. Humans blink continuously, and the eye blink
movement is repetitive and quick. It is reported that the
rate of blink is once every 4 s, with a duration of approxi-
mately 334 ms [10, 11]. Figure 2 [12] shows the structure
of the human eyelid. Blinking mainly uses the orbicularis
oculi and levator muscles of the upper eyelid. The orbicu-
laris oculi is a sphincter muscle for eyelid closure, and
the levator muscle of the upper eyelid is a striated muscle
for eyelid opening. Facial paralysis is a facial nerve dis-
ease, and only the orbicularis oculi is innervated by facial
nerve. The levator muscle of the upper eyelid is inner-
vated by the oculomotor nerve. Therefore, patients with
facial paralysis cannot control the orbicularis oculi, and
they cannot close their eyelid.

Eyelid motion comprises movement of the tarsal plate,
which is manipulated by the orbicularis oculi and leva-
tor muscles in the upper eyelid. The tarsal plate is a
dense connective tissue and supports the eyelid form as
a frame. In other words, the tarsal plate must be manipu-
lated in order to support eyelid movement. We focused
on the locus of the tarsal plate, which runs vertically
when viewed from the front side and forms a circular arc
along the spherical surface of the eye ball when viewed
from the right side, as shown in Fig. 2. Thus, the move-
ment locus of the tarsal plate is three dimensional. We
defined these motions as a requirement for eyelid manip-
ulation. The following requirements should also be met:

Gentle and safe manipulation.

Light weight and ease of daily use.

3D movement along the locus of the tarsal plate.
Responsive and robust against eyelid movement,
which is repetitive and quick.

W
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Fig. 2 Eyelid Structure. 1. Orbicularis oculi (sphincter muscle); closes
eyelids. 2. Levator muscle of the upper eyelid (striate muscle); opens
eyelids. 3. Tarsal plate (connective tissue); contributes to eyelid form
and support. 4. Locus of tarsal plate; set as a requirement for eyelid
manipulation
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Eyelid gating mechanism (ELGM)

Based on these requirements, we propose a mechanism
to support eyelid closure, which we call the eyelid gat-
ing mechanism (ELGM). This mechanism transforms
simple rotational actuation to three-dimensional and
complex motion through deformation of soft material.
This mechanism can use rigid actuators like a rotational
motor as a power source, thus it can provide respon-
sive and robust movement. Moreover, the end effec-
tor attached to the eyelid is made of soft material, thus
the mechanism can provide good affinity and does not
cause overload or strain on the eye.

Design rule of ELGM

The current ELGM design is shown in Fig. 3. This
ELGM is composed of a support part, two handle parts,
and a fixed base. The support part is made of soft mate-
rial, and the nob part can hook to the eyelid. The handle
parts are made of a rigid material and each of them has

Hinged ends 20 mm

Support Part

Fig. 3 Eyelid gating mechanism; the white part is the support part
made of soft material, and the yellow parts are the handle parts made
of rigid material. The red line shows the edge of the nob attached on
eyelid. The dot is the center point of the edge
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a hinged end. These hinged ends are fixed on an eye-
glass-type frame crossing its rotational axes of hinged
ends. These hinged ends must be located in the tail and
inner corners of the eye, respectively. This mechanism
was designed in SolidWorks and printed using Velo-
Clear (rigid material) and Agilus 30 (soft material) on
an Objet500 Connex2 3D printer (Stratasys Ltd.). In
this case, the shore hardness of support part is A50.
These support and handle parts were printed as a single
piece.

This ELGM was designed following the design rules
shown in Fig. 4. Figure 4a shows the design param-
eters for the support and handle parts. L is the distance
between both hinged ends. The curved line of the sup-
port part is based on a precise circle. The handle parts are
placed on the extension of the centerline of the circle. Its
inclination is ¥, and its length is /. The red line shows the
initial ELGM posture, which corresponds to the open-
ing phase of the eyelid. The blue line shows the deformed
ELGM posture corresponding to the eyelid closure phase.
The parameter H corresponds to the width between the
upper and lower eyelids, which is determined by L, /, and
Y. Figure 4b shows the fixation parameters. ¢ shows the
angle between the rotation axes on the handle parts, L’
shows the distance between the fixed positions of each
hinged end, and 8 shows the input deformation value.

In this study, we set the value of each parameter in
Fig. 4 based on an article which reported the anthropom-
etry of Asian eyelids [13]. According to this article, the
width between the upper and lower eyelids is 7.5 mm to
9.0 mm, and the width between the rail and inner corners
of the eye is 20 mm to 30 mm. Based on these values, we
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Fig. 4 ELGM design rules. a ELGM design parameters. L is the length between two hinged ends, and H is the height between the red and blue lines.
The red line shows the initial posture of the ELGM which corresponds to the opening phase of the eyelid, and the blue line shows the deformed
posture of the ELGM, which corresponds to the eyelid closure phase of the ELGM. H refers to the width between the upper and lower eyelids, / is the
length of the handle part of the ELGM, and v is the inclination of the handle. b ELGM fixed on an eyeglass-type frame. ¢ is the angle between the
rotation axes on the handle parts, L' is the width between the fixed ends, and € is the rotational input angle transmitted by the pulley mechanism to
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set the value of each parameter to be 9 mm < H < 10 mm,
L =42 mm, and ¢ = 40°.

Deformation analysis of the ELGM

We conducted deformation analysis using the parameters
I, ¢, and L' as variables. We used non-liner finite element
analysis from ANSYS inc. We defined the ELGM material
to be a hyperelastic material in the simulation, which is
similar to the ELGM material properties. We calculated
the deformation at each rotational input angle 6 under

10 20

Fig. 5 ELGM deformation; each line shows the part in contact

with the eyelid shown in Fig. 3. These are related to rotational
displacements of 0, 10, 30 and 50°. The black line shows the locus of
the black dot in Fig. 3
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forced displacement. We defined the contact position
between the handle and fixation parts as frictionless. All
other contact positions were bond. The number of ELGM
nodes was approximately 2000.

The calculation results are shown in Figs. 5 and 6. Fig-
ure 5 shows an overview of the deformation analysis
results, where each colored line is related to the red line
in Fig. 3, and the black line shows the locus of the black
dot in Fig. 3. We extracted the deformation loci along the
Y-Z direction, which are shown as black lines in Fig. 5
with respect to each parameter. The extracted results are
indicated as a—1, b—1, and c—1 in Fig. 6. We also cal-
culated the curvature of these loci with a least-squares
approach with respect to each parameter, which are indi-
cated as a—2, b—2, and c—2 in Fig. 6. Moreover, we
measured the maximum deformation along the Y direc-
tion for each parameter, and the results are indicated as
a—3,b—3,and c3 in Fig. 6.

In terms of the handle length /, a longer handle length
contributes to less deformation along the Y direction,
and the curvature has a local maximum when [ is approx-
imately 5 mm. For the fixation angle ¢, a larger fixation
angle contributes to larger curvature during deforma-
tion and does not affect deformation in the Y direction.
Shorter fixation distance L’ between the handle parts
transfers the circular arc deformation along the Y direc-
tion. From the nature of this mechanism, the fixation
parts must be placed closer to the face than the nob
attach to the eyelid, and it is more difficult to attach the
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Fig. 6 Results from the calculation of the ELGM deformation.a—1,b—1,and c — 1 show the deformation loci in Y-Z direction, which is indicated
with a black line in Fig. 5.a —2, b — 2, and ¢ — 2 show how the deformation curvature shifts with respect to each parameter. Each curvature was
calculated with a least-squares approach. a— 3, b — 3, and ¢ — 3 show the maximum deformation in the Y direction with respect to each parameter
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nob to the eyelid when deformation in the Y direction
is larger. The fixation parts and the ELGM deformation
loci must be closer in order to maintain contact with the
eyelid. In this case, from the results of this deformation
analysis and exploratory prototyping, we prepare a pro-
totype with / = 5 mm, ¢ = 50°, and L' = 38 mm for use in
the following experiments.

Facial wearable robot

We fabricated the facial wearable robot as shown in
Fig. 1. This robot contains a lithium-ion battery, control-
ler, sensor, actuator, and the ELGM. This robot uses an
Arduino micro as a controller and a servomotor as an
actuator. This robot uses an IR reflective optical sensor
to detect eyelid closure. These parts were installed on an
eyeglass-type frame. Eyelid movement detection method
and eyeglass-type frame will be introduced in the follow-
ing section.

Eyelid movement detection

This facial wearable robot supports eyelid movement on
the paralyzed side based on movement on the healthy
side. As blinking is typically symmetric, we consider that
the healthy eyelid movement may serve as an appropri-
ate trigger for eyelid movement support on the para-
lyzed side. Thus, we decided to detect eyelid movement
on the healthy side as a trigger for this motion support
on the paralyzed side. There are many ways to detect
eyelid closure [14—17]. Among them, we focused on eye
wink detection with a reflective optical sensor [18]. An
eye wink is a voluntary and strong eye closure motion.
It generates a large skin displacement at the tail of the
eye. A reflective optical sensor can measure this skin
displacement. Compared to other detection methods,
using a reflective optical sensor is contactless and easy
to use. The wearable facial robot can also support eye-
lid movement based on the wearer’s intention because a
wink motion detected by the optical sensor is a voluntary
motion.

A reflective optical sensor (VASHAY Intertechnol-
ogy Inc.) was implemented in the current prototype, and
the sensor was installed toward the tail of the eye on the
healthy side. The skin displacement signal was acquired
every 10 ms. The signal was differentiated, and the
obtained waveform is shown in Fig. 7. A positive value
indicates eyelid closure, and the negative value indicates
the eyelid is opening. In this work, we focus on both
eyelid opening and closure movement, and this robot
supports both movements. Voluntary eyelid motion
detection is based on a variable threshold, and a simple
calibration system was used. With this system, the wearer
could set the threshold easily by closing and opening his/
her eyelid voluntary following a signal, such as a blinking
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Fig. 7 Differentiated signal from a reflective optical sensor due to

voluntary eyelid closure, which is installed toward the tail of the eye.

The blue line shows the differentiated signals due to voluntary eye

closure (dark gray) and light eyelid closure (light gray)

LED or an applied vibration. The robot obtains the maxi-
mum and minimum values and sets the values multiplied
by 0.7 as the threshold for detection in this calibration
method. These characteristics allow for user-friendly
utilization, and a very short time is required to become
familiar with the robot.

Eyeglass-type frame

The hinged ends on the ELGM were located in the tail
and inner corner of the eye. To meet this requirement, an
eyeglass-type frame was designed to fit the facial surface.
First, the facial surface was scanned with a 3D scanner
(Artec 3D M), and the data were exported to SolidWorks.
With the scanned facial surface, the tail and inner corner
were related to the back of the nose where the nose pads
of the frame were located, and the eyeglass-type frame
was designed with SolidWorks. This frame was manufac-
tured with a 3D printer using Velo Clear (rigid material)
and Tango Black Plus (soft material), similar to that of the
ELGM. At the hinges of the frame, Tango Black Plus (soft
material) was used to adjust and fix the robot on the head
of the user. Owing to this precise design with the scanned
facial surface and flexibility of the ELGM, the mechanism
could be fixed on the eyelid without any tape or glue, and
remained fixed due to friction. As a result, a very short
time is required to put on or remove the robot.

Evaluation

Evaluation of ELGM

Setting

In this experiment, the performance of the ELGM was
evaluated in patients with facial paralysis. As mentioned
above, patients with facial paralysis can open their eyelids
with the levator muscle in the upper eyelid when inner-
vated by oculomotor nerve, but they cannot close their
eyelid. Therefore, we evaluated if the ELGM can support
eyelid closure in patients with facial paralysis.
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Ten Japanese subjects (average age: 46.2 £ 15.6, 4 male
and 6 female) with complete acquired facial paralysis
participated in the experiment. Information on the par-
ticipants is shown in Table 1. Informed written consent
was obtained from all the participants. Since different
participants have different facial topologies, we designed
a chin stand and a manually operated ELGM for this
experiment. In this setting, the position of the ELGM can
be adjusted by the experimenter to fit the face of each
participant. The participants were asked to place and fix
their head on the chin stand on which the ELGM was
implemented, as shown in Fig. 8. They were then asked to
relax all facial muscles. First, the participants were asked
to blink five times in a row. The participants subsequently
put on the ELGM, and the experimenter actuated the
mechanism manually five times in a row. As mentioned
above, we did not use any tape or glue to manipulate the
eyelid in this experiment. A potentiometer was installed
in each of the ELGM hinged ends to track their rotation
angles. The movements were tracked by using a camera
with a frame rate of 60 fps placed in front of the partici-
pants. From the obtained videos, we extracted images of
the closure phase when the potentiometer shows maxi-
mum values. The distance between the upper and lower
eyelids was measured manually by three coders who are
not related to this work, and we calculated the average
values and standard errors. After the measurements were
gathered, we asked the participants to rate the level of
stress they experienced from the eyelid support provided
by the ELGM on a 5-point scale (5: no stress, 1: signifi-
cant stress).

To evaluate how wide the eye opens, we calculated the
ratio of the distance between the upper and lower eye-
lids to this distance when the eyelid is open fully. We call
this the palpebral aperture ratio (PAR). When the eyelid
closes, the PAR is 0% and the PAR is 100% when the eye-
lid is open.

Results

The results of this experiment are shown in Fig. 9. This
graph shows PAR changes for various participants. The
blue bars show how the PAR value shifts without the
robot, and the red bars show how the PAR value shifts
with the robot. According to the blue bars, nearly all par-
ticipants could not close their eyelid less than 40%. The

Table 1 Properties of subjects
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Chin Stand

i

Potentiometer

on which the ELGM was implemented. The experimenter rotates the
ELGM manually to manipulate the subject’s eyelid. We used a camera
with a rate of 60 fps, and pictures were extracted from the obtained
videos when the potentiometer shows a maximum value

red bars indicate improved eyelid closure. ELGM was
able to help this group of patients close their eyelids,
except for participants 2 and 7. We get a stress level of
4.45 4 0.89 by averaging the results obtained from the
questionnaires.

Evaluation of the facial wearable robot

Setting

This experiment was conducted to evaluate the respon-
siveness of the robot. To ease the effect of blinking on
eyelid movement supported by ELGM, two healthy sub-
jects participated in the experiment. One subject was
used for eyelid movement detection, and the other was
used for eyelid movement support with ELGM.

Subject A wore the eyeglass-type frame with ELGM on
the right side, and subject B wore an eyeglass-frame with
a reflective optical sensor on the left side. Subject B cali-
brated the threshold for eye closure/opening detection.
Following calibration, he was asked to close and open his
eye on the left side, which forces the system to support
eyelid motion on the right side of subject A. These move-
ments were tracked with a camera with a frame rate of 60
fps. The same procedure was repeated for five sessions.
We measured the distance between the upper and lower
eyelids manually from the obtained images, and we cal-
culated PAR from each frame.

No. 1 2 3 4 5 6 7 8 9 10
Sex M M F F F M M F F F
Age 1 23 37 48 48 53 54 51 56 63
Side R L L L R R R R L L
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Fig. 9 ELGM evaluation results for patients with facial paralysis. These graphs show changes in PAR for various subjects. The blue bar shows how the
PAR value shifts without the robot, and the red bar shows improved eyelid closure with the robot. When eyelid closes, the PAR is 0% and the PAR is
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Results

The results of this experiment are shown in Figs. 10, 11,
and 12. Figure 10 shows a snapshot series of the func-
tioning system. Picture (a) shows detection of eye clo-
sure, (b) shows the completion of eyelid closure support,
(c) detection of eye opening, and (d) shows the comple-
tion of eyelid closure support; these pictures correspond
to points indicated with a, b, ¢, and d in Fig. 11, respec-
tively. As mentioned above, the procedure was repeated
five times, and Fig. 11 shows the first result from five
measurements. In this case, when the eyelid opens, PAR
is 100%, and PAR is 0% when the eyelid closes. The red
line shows changes in PAR with support, and the blue
broken line shows the changes in PAR without support.
The average values of “A” and “B” were calculated and
are shown in Fig. 12. Value “A” shows the elapsed time
between eyelid closure detection and completion of eye-
lid closure support, and its value is 236.9 £+ 19.4 ms. “B”
shows the elapsed time between eyelid opening detection
and completion of eyelid opening support, and its value
is 278.7 £ 12.4 ms.

Discussion
According to Fig. 9, the ELGM could support eyelid clo-
sure without any tape or glue, except in the case of two
participants. Moreover, according to Figs. 11 and 12, this
robot can support eyelid movement based on voluntary
eyelid opening and closure on the healthy side of the
face. From these results, one can conclude that this robot
can provide repetitive and gentle eyelid closure support
based on wearer’s intention.

For participants 2 and 9, ELGM could not completely
support eyelid closure. Our observation is that the pre-
pared ELGM could not match the shape of the eyelid

a

b

[

d
Fig. 10 Demonstration of the presented robot. a Eye closure
detection, b completion of eyelid closure support, ¢ detection of eye
opening, and d completion of eyelid closure support. Each picture
corresponds to the points in Fig. 11

for these subjects. We conducted deformation analysis
of ELGM, and we obtained insights into the deforma-
tion trend. However, we are still not able to quantify
the movement or shape of individual eyelids, thus it is
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Fig. 11 Changes in the palpebral aperture ratio (PAR) over time. The
red line shows the PAR change with support, and the blue broken
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the states in Fig. 10. Moreover, the average values of "A”and “B" was
calculated, and these values are shown in Fig. 12
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Fig. 12 Obtained experimental values. “Eyelid closure procedure”
is the time from eyelid closure detection to completion of eyelid
closure, which is shown as the average value of "A"in Fig. 11."Eyelid
Opening Procedure”is the time from eye opening detection to
completion of eyelid opening, which is shown as the average value
of “B"in Fig. 11

difficult to make a suitable ELGM model. The best design
of ELGM would be based on the eyelid shape of the
wearer.

Regarding support latency, this robot can support eye-
lid opening and closure movement within approximately
300 and 250 ms, respectively. We believe this latency is
fast enough to prevent the risk of exposure to debris and
dryness. However, as mentioned earlier, facial paralysis is
also a major psychological barrier because of facial asym-
metry, and patients tend to avoid social involvement. To
solve this psychological problem, latency should be faster
than 33 ms to prevent the perception of asymmetry by
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an asocial partner [19]. The robot’s design should also be
improved so that the motion it provides better resembles
regular eyelid movement.

Conclusion

In this paper, we proposed a novel approach for support-
ing opening and closure motion of the human eye with
a wearable soft robot. This robot has a novel mechanism
that uses deformation of a soft material to manipulate
the eyelid, which we call ELGM. We defined the require-
ments for eyelid manipulation, and we introduced ELGM
design rules based on these requirements. We also con-
ducted a deformation analysis. As a result, we could tailor
deformation to eyelid movement with a simple rotational
input at two hinged ends. This system provides appropri-
ate support for eyelid movement in a non-invasive and
gentle manner based on voluntary eyelid movement on
the healthy side. We evaluated the ELGM and wearable
facial robot, and we confirmed that this robot can sup-
port eyelid closure gently and repeatedly, based on the
wearer’s intention.

We designed this robot with respect to safety and user-
friendliness. We designed an eyeglass-type frame based
on the wearer’s facial surface, which was scanned with
a 3D scanner. Because the hinged ends of ELGM were
fixed in appropriate positions on this frame, and it has
the same shape as eyeglass frames, the device is easy to
put on and remove. This design can ensure safety. We
also implemented a calibration method that can set the
threshold for eyelid movement detection with one wink
motion. Users can easily use this robot easily thanks to
this feature.

In the future, we plan to develop this wearable robot
as a piece of rehabilitation equipment for patients with
facial paralysis. The developed robot may support reha-
bilitation and help patients recover from paralysis faster,
as well as prevent the development of after effects such as
synkinesis.
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