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SUMMARY

Blink reflex has long been considered closely related to physiological states, from
which abundant information on ocular health and activities can be revealed. In this
study, a smart glasses wearable has been developed, incorporating a flexible and
sensitive pressure sensor, to monitor blink patterns by continuously detecting
ocular muscular movements, referred to as blink-sensing glasses. By applying
the emerging flexible iontronic sensing (FITS) sensor with the sensitivity of 340
pF/mmHg, the skin pressure variations induced by movements of the orbicularis
oculi muscles can be monitored in real time. The blink-sensing glasses can success-
fully capture blink patterns with a high accuracy of 96.3% and have been used to
differentiate the blink features from both dry-eye subjects and healthy controls.
This device can be potentially used as a new clinical and research monitoring tool
for continuous eye blink analysis, while providing patients with high comfortable-
ness in long-term ambulatory and home settings.

INTRODUCTION

As an essential self-protection function of the eye, blink, also known as blink reflex clinically, has attracted
considerable attention in both medical research and healthcare over the past decade. In particular, normal
patterns of cyclic blinks with regular intervals are not only important to maintain ocular health but also
reflect physiological conditions of the central nervous system (Aristea et al., 2014; Katsarava et al., 2010).
However, blink patterns can be affected by multiple complicated factors, such as environmental stimuli
(Anat et al., 2014), disease progression (Karson et al., 1984; Geyer and Braff, 2010), cognitive functions (Bry-
ant and Lorenza, 2016), psychological and emotional states (Vermeulen et al., 2009) etc. Therefore, certain
eye diseases (such as dry eye and blepharospasm) as well as physiological states (such as fatigue and atten-
tion) have been investigated to reveal their strong correlation with the periodic features of blinks (Stern
et al., 1994; Jacobsen, 1996, Wang et al., 2018). For instance, several clinical studies have been carried
out between groups of dry-eye patients and healthy volunteers over a period of time. These results have
suggested appreciable differences present in blink rates (Kazuo, 1998; Tsubota et al., 1996; Hamrah and
Foulks, 2005), blink durations (Tsubota et al., 1996), and blink intervals along with other features between
the two groups (Hamrah and Foulks, 2005; Rodriguez et al., 2013). Blink detection has also been applied to
monitor driving safety due to the strong correlation presented between blink patterns and fatigue levels.
By different means of tracking, the eyelid movements of drivers have been recorded and analyzed, from
which the blink rates and eyelid closure time can be used to correlate with the drivers’ fatigue levels, as
a safety feature and reminder (Jirgen et al., 2017; Taner et al., 2010). Although the above studies have
shown interesting and promising results in blink analysis for understanding causes of eye diseases and
monitoring physiological states of the ocular and central nervous systems, the long-term monitoring capac-
ity is still called for, which can be used to collect extensive clinical data and derive conclusive results for such
purposes (Li et al., 2012; Rodriguez et al., 2016).

A number of efforts have been attempted toward providing a high-precision blink-monitoring gadget to
satisfy the unmet clinical demand, which can be categorized into either a wearable or a non-wearable
approach. Specifically, optical imaging has been frequently sought to record and analyze blink patterns
in a non-wearable format. For clinical applications, an ocular surface interferometer, Lipiview, is based
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Table 1. Comparison of methods

Blink-sensing Micro Physiological signal
glasses Infrared sensor Contact lenses HD camera HD camera camera detection
Reference This study (Dementyev and (Faschinger and Lipiview (Fogelton and (Taner et al., (Wu et al., 2013)
Holz, 2017) Mossbck, 2010) (clinical use) Benesova, 2018) 2010)
Published year 2020 2017 2010 Unknown 2018 2010 2013

Detecting Noninvasive Noninvasive Intrusive Noninvasive  Noninvasive Noninvasive Noninvasive
method

System size Small Small Small Large Large Medium Large
System Simple Simple Complex Complex Complex Complex  Complex
complexity

Data type Digit Digit Digit Video Video Video Digit
Power Low Low Unknown High High Medium High
consumption

Wearability Good Good Good Poor Poor Good Poor
Health hazard  Low Medium High Low Low Low Low
potential

Environmental  Low High Low High High High Low
influence

Individual Medium Low High Low Low Low High
adaptability

a white light source, while indirectly measuring the blink patterns (Korb et al., 2017). Moreover, bioelectric
signals, such as electroencephalogram (EEG) (Chambayil et al., 2010; Yi et al., 2010), electrooculography
(EOG) (Wu et al., 2013), and electromyography (EMG) (Silverstein and Graham, 2010; Shahani, 1970),
have also been utilized in clinical settings to correlate blink patterns indirectly. For instance, EOG is typi-
cally utilized to diagnose retinal diseases, in which blink signals can also be clearly distinguished and ex-
tracted (Wu et al.,, 2013). As a synergistic action of the orbicularis oculi muscle and the levator muscle of
the upper eyelid, blink has been long detected by periorbital EMG electrodes with high precision (Silver-
stein and Graham, 2010), which becomes a clinical standard to diagnose ocular muscular dysfunctions (Yi et
al., 2013). Unfortunately, most of the clinical-grade monitoring equipment is not designed to be wearable
or miniaturizable, which limits their usage to short-term blink analyses in a highly confined environment. A
recent technological trend moves toward miniaturizing the existing approaches and reformatting them
into a long-term wearable fashion for continuous monitoring (Pan and Xu, 2014; Lin et al., 2020; Tsikriteas
et al., 2020; Wang et al., 2020). In 2017, a research team from Microsoft has developed an eyeglass device
that monitors blink rates and intervenes abnormal blink patterns for dry-eye prevention (Dementyev and
Holz, 2017). It has been equipped with an infrared proximity sensor, which monitors eyelid movements
and subsequently analyzes the blink rates in real time, and the patterns of blink can then be used to differ-
entiate between normal and diseased conditions. Notably, the infrared sensor adopted in this study has the
advantage of a small footprint and can be fully embedded into the existing glass frame, turning it into a
truly wearable gadget. However, it meets inherent challenges, such as unavoidable influence from ambient
light variations and potential harm to the retina by its continuous infrared radiation (Wolbarsht, 1980). Mo-
tion artifacts can be another challenging source of interference. In addition, the blink signals can also be
substantially affected by the differences in individual facial topologies and the personalized ways that
the glasses are worn (Frigerio et al., 2014). Table 1 summarizes and compares the recent works on the
eye blink-sensing technologies in terms of system size, complexity, data types, power consumptions, wear-
ability, health hazard potential, environmental impact, and individual adaptability. In conclusion, a long-
term monitoring wearable with reliable analytical capacity of blink features and a safety consideration to
the eye can be highly desired to collect the valuable data uninterruptedly from the patients through their
daily lives.

In this work, we have proposed a flexible blink-sensing glasses system equipped with highly sensitive pres-

sure sensors to continuously monitor the muscular movements directly related to the blink reflex, which is
framed into the regular eye glasses as a truly wearable device. Benefiting from the highly sensitive and
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Figure 1. Measurement principle

(A) Anatomical structure of the eye muscles, with the orbicularis oculi muscle (highlighted in blue) (i) and the levator
superioris muscle (i) (highlighted in red), both of which control the blink movements. The red dot indicates the inner
canthus angle (iii).

(B) The section parallel to the nose pad. (iv) The sensor placement position and (v) the maxilla.

miniature construct of the flexible iontronic sensors, the sensing unit can be integrated to the nose pads of
the glasses frame, which is in direct contact with one of the main muscular bundles, i.e., orbicularis oculi
muscle, controlling the eyelid movements (Shahani, 1970). We have fully characterized the pressure change
recorded on the nose pad correlated with the muscular motions using a manometry approach. Accord-
ingly, a flexible iontronic sensor (FITS) has then been designed and fabricated to track such variations in
the skin pressure within a thin and flexible package (of 180 um). It has been optimized with the device sensi-
tivity of 340 pF/mmHg within the measurement range from 2 mmHg to 35 mmHg. In order to validate the
performance of the muscular sensing from the wearable sensing glasses, we have collected and analyzed
the signals in comparison with these from the clinical video standard. As a demonstration of its utility, the
blink-sensing glasses have been applied to continuously track the blink features between dry-eye patients
and healthy volunteers in an IRB-approved study, from which in blink rates, average blink durations and
maximum blink intervals have been recorded, analyzed, and compared, and the findings have been highly
consistent with the prior studies conducted in the more restricted environments. In brief, the proposed
blink-sensing glasses, by offering a long-term monitoring capacity within its flexible and comfortable wear-
able packaging, can be highly valuable to the patients whose health data can be continuously collected and
analyzed for potential diagnostic and therapeutic values in an unnoticeable and uninterrupted manner
throughout their regular daily activities.

Working principle
Measurement principle

As aforementioned, blink patterns are primarily controlled by the synergistic actions of both orbicularis
oculi and levator palpebrae superioris muscles. As shown in Figure 1A, the orbicularis oculi muscle (i), a
superficial facial muscle located between the subcutaneous tissue and the tarsal plate, consists of a
ring-shaped muscle-fibrous tissue surrounding the orbital and palpebral fissures. Its main function is to
close the eyelid, innervated by the facial nerve (Lai, 2001), whereas the levator palpebrae superioris muscle
(i), innervated by the oculomotor nerves, is mainly used to raise the eyelid. For each blink cycle, as the or-
bicularis oculi muscle relaxes, the levator palpebrae superioris muscle contracts, and as a result, the upper
eyelid opens. Subsequently, when the levator palpebrae superioris muscle relaxes, the upper eyelid closes
by contracting the orbicularis oculi muscle (Lai, 2001; Mller, 1991). In brief, the blink cycles represent the
repetitive process to pull eyelids alternatively by these two muscle bundles. More importantly, part of or-
bicularis oculi muscle stays right underneath the nose pad (iv) of the typical glasses, of which the contrac-
tion and relaxation can cause appreciable variations in skin pressure, as illustrated in Figure 1B. Specifically,
during each blink, the orbicularis oculi muscles are innervated to contract, and the cross-sectional area of
the muscle bundle has been altered, as supported by the maxilla (v) skeletal structure underneath, resulting
in a muscular tension. Accordingly, this tension causes the skin to deform and generates in superficial
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Figure 2. lontronic sensing design
Illustration of the FITS sensing structure (A) along with its equivalent circuit diagram shown in (B).

pressure change (Zhang et al., 2019). Therefore, we have characterized this measurable variation in skin
pressure and correlated it with muscular contraction through a manometry calibration. Furthermore, by
embedding a highly sensitive yet structurally flexible iontronic sensor to the nose pad of the glasses, we
can then continuously monitor the blink activities by tracking the muscular movements of orbicularis oculi
muscles.

lontronic sensing design

In order to detect the muscle-induced tension on the skin under the nose pad, the desired sensing system
requires (1) high sensitivity; (2) small footprint; and (3) high signal-to-noise ratio (SNR), in addition to (4) its
adaptiveness to the nose pad. Compared with the existing resistive and capacitive sensing technologies,
the emerging flexible iontronic sensing (FITS) technology, invented by our team previously, offers the high-
est device sensitivity and the greatest SNR in a compact, flexible, and ultrathin packaging (Li et al., 2016, Li
etal, 2017; Nie et al., 2012; Zhu et al., 2017). Superior performance of the FITS-enabled devices has been
demonstrated in various similar yet challenging situations for detection of arterial pulsation and muscular
activities. For example, an on-shoe monitoring system comprised of an FITS sensing array allows align-
ment-free capture of arterial pulse signals from the dorsalis pedis artery and matches the accuracy of
the heart rate measurements within the clinical standard (Zhang et al., 2019). In addition, it can analyze
the pedal postures by tracking the multiple tendon movements in real time. In this study, the FITS sensor
has been incorporated into a standard glasses frame, specifically under the nose pad, given its flexible and
thin packaging, which would not cause any discomfortable issue to the patients. More importantly, it can
offer excellent device sensitivity with noise immunity to detect the skin pressure variations induced by the
contraction of the orbicularis oculi muscles under a gentle pressure imposed by the glasses. Figure 2A il-
lustrates the working principle of the FITS device. As can be seen, it consists of three functional layers: the
top sensing membrane, which consists of the substrate and the ionic coating, and the layer with inter-digi-
tated electrodes at the bottom, separated by a spacer in between with an air gap. Once the external pres-
sure is applied toward the sensing membrane, it deforms and establishes a physical contact with the elec-
trode, upon which the mobile ions and the free electrons in the respective layers would approach toward
the interface within a nanometer separation, then inducing a substantial capacitive change. Accordingly,
this interfacial capacitive value is in principle proportional to the area of the pressure-induced contact
and can be detected electronically (Nie et al., 2012, 2015). A simplified equivalent circuit model has
been included in Figure 2B, where C.q stands for the pressure-induced interfacial capacitance upon con-
tact, and R; represents the internal resistance of the ionic coating. Detailed description of working princi-
ples and sensing structures can be found in the prior studies (Nie et al., 2012, 2015).

4 iScience 24, 102399, May 21, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

A 25 B C 12
e 10mm o® o 100um ."'
— 204 = 8mm 0o’ — = 50um o° 104 + 100um ..°
|.|=. A 6mm L uc_ 51 « 30um ve®® LE = 75um 0e®®
= ¢ 4mm ..-- - oo -._. = 3 e 50um "...
8 1.54 .o.. 8 4 o'. .--- 8 oo®®
c °® c 0o®® gun® c 6 °®
‘g .'.. -‘g 31 oo’ . .‘g ] o**
g 1.0 .o. g o® gum g o
= i Qe 2 o® _man AAA‘AAA“A o 41 e
3] 3] ....l AAAAAAA 8 . .-....--l
O 0.5 . ....--"' o 2l .o:..A‘AAA aAA 2 ".._I...-u- -
. T L L b Calart " san=t AAAAAAAAAAAAA‘
" TLL] AAAAAAA [ s A AdALL
0.0 Q":::.::.A;cftooty#i%?::o:toooo 0 Sia 0 o0, anst
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Pressure (mmHg) Pressure (mmHg) Pressure (mmHg)

Figure 3. Characterization of the sensor performance

Characterization of the sensitivities of the FITS sensor under various geometric parameters. (A) Device sensitivities versus the diameters of the sensing
chamber (4 mm, 6 mm, 8 mm, and 10 mm). (B) Device sensitivities versus the heights of the sensing chamber (100 pm, 50 pm, and 30 um). (C) Device
sensitivities versus the sensing membrane thicknesses (100 um, 75 pm, and 50 um).

Moreover, the sensing range has been targeted to be within 35 mmHg, because the hydrostatic pressure is
typically considered to be less than 35 mmHg in the capillary bed, beyond which may compromise the
microcirculation and perfusion, resulting in local hypoxia in skin in a continuous wear (Krogh et al.,
1932). Therefore, such a design limit can serve as a physical boundary for a range of wearable devices in
order to avoid hypoxia-induced uncomfortableness after extended usage.

RESULTS AND DISCUSSION
Characterization of the sensor performance

As aforementioned, the FITS sensors need to meet two design criteria, the first to provide high sensitivity in
the range between 0 and 35 mmHg and the second to be fitted into the footprint of the nose pad. An opti-
mization study between the sensor dimensions and sensitivities has been carried out, in which the sensors
with various diameters and the heights of the sensing chamber as well as the thicknesses of the sensing
membrane have been included.

In order to fit within the surface of the nose pad, we have limited the size of the sensing chamber to equal to
or less than 10 mm in diameter under varying pressure loads. Consequently, four sensors with the sensing
chamber sizes of 4, 6, 8, and 10 mm have been fabricated and tested, and the corresponding results have
been summarized in Figure 3A, in which both the height and the thickness of the sensing membrane are
fixed at 100 um. It is worth noting that all these sensing membranes have the same thickness of the ionic
coating, so that the sensitivity performance only relies on the deformability of the structural design (Zhang
et al., 2019). From the classic membrane deformation theory, the diameter of sensing chamber has a sig-
nificant influence on the device sensitivity (Nie et al., 2015), which is typically defined as the slope rate of the
capacitive values versus the pressure changes. As exhibited in Figure 3A, the larger sensing chambers (of
8 mm and 10 mm in diameter) show significantly higher slope rates than those of the smaller chambers (of
4 mm and 6 mm in diameter). Specifically, the corresponding capacitances increase with the rise of pressure
from 2 mmHg to 35 mmHg, which yields the device sensitivities measured at 1.6 pF/mmHg, 5.2 pF/mmHg,
16 pF/mmHg, and 66 pF/mmHg, respectively, for four different chamber sizes from the smallest to the
largest ones. As a result, the devices with the larger chamber size exhibit higher device sensitivities. The
sensor with the chamber diameter of 10 mm has the best performance in terms of the device sensitivity
(i.e., 66 pF/mmHg) and therefore, is selected for further parametric studies.

Further optimization is to investigate the height of the sensing chamber. Accordingly, the sensors with
different sensing chamber heights of 30 um, 50 pm, and 100 pm have been fabricated and tested, similar
to that of the size determination, given the chamber diameter of 10 mm and the sensing membrane thick-
ness of 100 um. As illustrated in Figure 3B, when the external pressure has been applied to the three sensor
designs, it has yielded the device sensitivities of 66 pF/mmHg, 140 pF/mmHg, and 170 pF/mmHg, respec-
tively, in the pressure range from 2 mmHg to 35 mmHg. Again, the lower chamber height results in a higher
device sensitivity, which is consistent with the classic elastic deflection theory (Nie et al., 2015). Thus, the
sensing chamber height is determined to be 30 um.

iScience 24, 102399, May 21, 2021 5
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Figure 4. Optimization of the sensing location
Validation of the sensing locations within the blue grids, from which the corresponding signal waveforms have been
measured (Note: the red dot indicates the inner canthus angle of eye as the anatomical reference).

Finally, the influence of the thicknesses of the sensing membrane has been investigated. The sensors with
different thicknesses of the sensing membrane of 50 um, 75 um, and 100 um are fabricated and tested,
given the optimal sensing chamber diameter of 10 mm and the height of 30 um. As shown in Figure 3C,
the pressure-capacitance response curves have the similar trends as those measured in the first two graphs,
which exhibit the sensitivities of 63 pF/mmHg, 100 pF/mmHg, and 340 pF/mmHg under the distinct thick-
nesses of the sensing membrane as aforementioned, within the same pressure range. This follows the trend
that the thinner sensing membrane leads to a higher device sensitivity. As expected, the sensor with the
thinnest sensing membrane of 50 um has been chosen for the following blink-sensing study.

In summary, the desired sensor design has been determined from the comprehensive parametric studies,
i.e., the one with the sensing chamber of 10 mm in diameter and 30 um in height and the sensing membrane
of 50 um in thickness with the optimal sensitivity of 340 pF/mmHg. Given the electrode substrate of 100 um
in thickness, it has led to an overall device thickness of 180 um and the effective area of 78.5 mm?in the FITS
sensor, which can be amounted onto the nose pad seamlessly. Importantly, such a high-sensitivity design of
the FITS sensor would ensure accurate and reliable detection of the skin pressure variations related to the
muscular movements.

Optimization of the sensing location

In the consecutive study, we further investigate the optimal location around the nose pad for blink detec-
tion, by measuring the skin pressure variations during the muscular contraction. By using the inner canthus
angle of the eye (as shown in Figures 1 and 4) as the anatomic reference of the coordinates, eight potential
locations around the orbicularis oculi muscles are selected for measurements on an orthogonal grid with a
side length of 5mm, as illustrated in Figure 4, considering that the orbicularis oculi muscle around the lower
eyelid is approximately 3-5 mm in width (Miller et al., 2010). It is worth noting that there are physiological
limitations on selecting the measurement spots. For instance, it is difficult to place the sensor in a proximity
to the canthus or on the bridge of the nose. The static load under the nose pad used in this study is
measured around 4 mmHg by the FITS sensor, which is consistent with the published international standard
for spectacle frames (BSI, 2004). Particularly, the FITS sensor is placed at the center of each measurement
position with a static preload of 4 mmHg applied by a pneumatic bladder, whereas the variations of the skin
pressure are recorded for a duration of one minute. Such a preload is stabilized by a pressure feedback
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Figure 5. Blink-sensing glasses
(A) The blink-sensing glasses system on a health volunteer, along with (B) the illustration of its hardware building blocks.

provided from a connected clinical manometry (PicoPress) with an accuracy of less than 1 mmHg (Chi et al.,
2017). The recorded data are summarized in Figure 4, from which blink patterns can be apparently ex-
tracted from the locations of P1-P4 with minimal interferences, whereas the blink patterns from P5 and
P6 gradually attenuate in comparison. At the location of P7, it becomes relatively difficult to distinguish
the blink pattern from the noises, whereas, the blink pattern is already indistinguishable at P8, possibly
due to its furthest distance to the orbicularis oculi muscles anatomically. Specifically, the average ampli-
tudes of blink patterns within one-minute duration are calculated at all eight locations as follows:
0.74 mmHg, 0.98 mmHg, 0.68 mmHg, 0.70 mmHg, 0.45 mmHg, 0.33 mmHg, 0.08 mmHg, and 0 mmHg
from P1 to P8, respectively. These measurements suggest that the most effective area to detect the blink
patterns is located within the area enclosed by P1-P4. On the other hand, the area covered by P1-P4 over-
laps considerably with the area where the nose pad typically supports. As a conclusion, these results
confirm the optimal location for detection of eye blink, which overlaps with that of the nose pad in a typical
eyewear, using the relevant muscular movements.

Blink-sensing glasses

The blink-sensing glasses system has been devised and illustrated in Figure 5A, which is mainly composed
of three parts: the FITS sensor, the processing circuit, and the glasses frame. The FITS sensor with high
sensitivity is amounted onto the nose pad of glasses using adhesive and connected to the processing cir-
cuit via its flexible leads. A pair of commercial Bluetooth smart glasses (Gonbes K1) is adopted, which pro-
vides ample internal space for housing our electronic components and wire connections after the removal
of its original acoustic components. The blink-sensing glasses is built to be reusable. The current prototype
is weighted at 31.7g, of which the sensor and electronic parts is 5.6g. Specifically, as illustrated in Figure 5B,
the pressure signals acquired from the FITS sensor (1) have been firstly processed by the processing circuit
(2), in which the analog signal of pressure has been converted into the digital format, followed by wirelessly
transmitting via the low-power Bluetooth module. The signal processing and statistical analysis have been
conducted in a Bluetooth-enabled computer with graphic user interface developed (3). The main circuitry is
controlled by a 32-bit microcontroller unit with an embedded ADC of 12-bit resolution (ST Microelec-
tronics). The sampling rate of the data acquisition has been set at 125 Hz, which can be sufficient to catch
the details in blink patterns, whereas the Bluetooth module transfers the pressure recordings at 1 Mbps
wirelessly, enabling real-time data transmission. The overall current consumption of the system has
been optimized at 2 mAh. With a battery capacity of 50 mAh, this blink-sensing wearable system can be
theoretically extended more than 24 h continuously, supporting the continuous monitoring of full-day
blinking activities for a patient.

To further illustrate the advantages of the proposed blink-sensing glasses over the counterpart devices
published in recent years, Table 1 compares them side-by-side in terms of system size and complexity,
data types, power consumptions, wearability, health hazard potential, environmental influence, and indi-
vidual adaptability. Specifically, all the listed devices utilize noninvasive approaches to measure except
the contact-lens means. Considering the system size and wearability, the contact lens and infrared sensors
along with our blinking-sensing glasses have the smallest footprints and could be worn in a continuous
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Figure 6. Blink-detection algorithm 1

(A) Flowchart of the blink-detection algorithm, and plots of (B) the original pressure waveform of Sp, which contains
multiple blink activities with a 20-s window, (C) the pre-processed signals of S, following the morphological and
Butterworth filters, with (D) the detected blink features, i.e., the peak, the start, and the endpoints, using the template
matching method.

manner (Dementyev and Holz, 2017). However, the contact lens and infrared sensors may still pose poten-
tial health hazard to the eye (Wolbarsht, 1980; Faschinger and Mossbck, 2010). Also, all the optical-based
methods are highly subject to ambient light conditions, which might introduce additional environmental
noises to the results (Taner et al., 2010; Fogelton and Benesova, 2018). Moreover, the facial structure varied
on individuals might have additional side effects on the optical-based approaches, which needs additional
algorithms to compensate (Dementyev and Holz, 2017). However, the proposed blink-sensing glasses may
experience reliability issues under the severe motion artifacts caused by extreme facial expressions or the
poor contact with the skin when improperly worn. For the adaptability consideration, the infrared sensor
typically needs to be amounted onto two locations on the glasses, i.e., the emitting unit on one side
with the receiving unit on the other side of the lens, and therefore, it is highly vulnerable to the facial influ-
ence of the subject, whereas the pressure-based measurement only relies on the single-point contact be-
tween the nose pad and the skin. Therefore, the sensor needs to be placed in areliable contact with the skin
for continuous measurements. To further improve the reliability of our approach, the future iteration of the
blink-sensing glasses can include one pressure sensor on each pad. In addition, the use of the blink-sensing
glasses is currently limited to indoor testing where the temperature and humidity are highly controlled and
the subjects are under a quiescent condition. In conclusion, the blink-sensing glasses offer combined ad-
vantages of its compact footprint, long-term wearability, safety, and immunity to environmental and indi-
vidual influences, in addition to its low power consumption, over the existing technologies.

Blink-detection algorithm

Comparing it with the standard video recordings, the signals of skin pressure variations (Sg) collected by the
blink-sensing glasses contain the following characteristics. First of all, the raw signals have appreciable
pressure variations during the corresponding blink events, which can be potentially used to compute
the blink features. Secondly, there are present severe baseline drifts, possibly induced by the motion, along
with high-frequency noises from the hardware and ambient electromagnetics (Xia et al., 2012). Therefore,
we have implemented a two-stage blink-detection algorithm by firstly applying a classic pre-processing
step to remove the undesired noises and drifts, and secondly subsequently extracting the blink-patterns
using a template-matching approach, as illustrated in Figure 6A. Specifically, a morphological filter and
a Butterworth filter are used in sequence for the signal pre-processing. As a nonlinear filter without consid-
ering noise frequency, the morphological filter is highly suitable to remove baseline drifts with uncertainty
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by employing a series of opening, dilation, closing, erosion operations in sequence (Loce, 1992). By sub-
tracting it from the original pressure signal Spin Figure 6B, the baseline drift is removed afterward to obtain
the stable signal of S;. Then, the subsequent Butterworth low-pass filter is implemented to remove high-
frequency noises. It is designed as an eighth-order filter with a cut-off frequency of 5 Hz, which can effec-
tively filter out the blink signals from the EOG and other electromagnetic noises from the hardware and
environment (Yi et al., 2010). As a result, the pre-processed signal of S, as shown in Figure 6C, exhibits
as a smooth curve with a flat baseline and is readily available for blink pattern extraction.

For the blink-pattern extraction, the template matching method has been applied, because it is widely
used in detecting patterns in quasi-periodic biomedical signals (Chin et al., 2010; Kim and Mcnames,
2007). For example, different templates have been used to detect ECG waveforms, from which the accuracy
of the detection in some characteristic bands could reach up to 100%, according to Chin’s study (Chin et al.,
2010). Specifically, an initial template needs to be prepared in advance. In this case, the blink data have
been collected in a 10-min window from 12 volunteers, using both the pressure and video means simulta-
neously. The blink data are then marked according to the video standard and averaged into the pre-gener-
ated template, marked as Temp in Figure 6A, of which the minimum peak value is denoted as Thg. In the
consecutive step, the pre-processed signals with blink patterns are applied to matching the specific ampli-
tude and shape criteria with two threshold values of Th,. and The,, correspondingly. Particularly, the
amplitude matching criteria of Th,,,., is not set as a fixed value, because the pressure amplitude of the blink
patterns may vary from time to time. To tackle such a challenge, a template processing approach has been
proposed in a prior art (Kim and Mcnames, 2007), where the threshold of amplitude can be dynamically
adjusted in a linear expression, based on the features of the signals calculated from the previous period.
Specifically, the threshold value is defined as Thy,.x = Tho+v*(Po—Tho), where Thg is the minimal amplitude
of the blink patterns in the initial recordings, whereas Py is extracted as the average peak value (Pp,2,) from
the previous blink patterns. In addition, v stands for a user-specified parameter to ensure that the magni-
tude of the noise is always lower than that of the effective signal (Kim and Mcnames, 2007), which greatly
reduces the false detection. In this case, vis determined to be 0.1 based on the estimation of the average
magnitude ratio of noises and blink patterns in the pre-processed signal. This formula ensures that the
threshold Th,,.x is greater than the amplitude of noise to the greatest extent. When the peak value of
the pre-processed signal P,.x representing the amplitude of the waveform, is greater than that of Th,,..,
itis considered to meet the amplitude criteria. On the other hand, a correlation coefficient could be calcu-
lated to measure the shape similarity between the detected signals and the pre-generated template. Com-
bined our evaluation results with previous reference (Chin et al., 2010), the threshold of Th.,, has been fixed
to 0.98. Only when both criteria are satisfied, it is considered as a blink pattern.

Figure 6D shows the detected blink patterns with the peak points labeled using the template matching
method. After locating the peak points of blink patterns, the next step is to determine the start and end-
points of the blink patterns, which are simply defined as the extreme points prior to and after the peak
value. Once the blink patterns with three key feature points (i.e., peak, start point, and endpoint) have
been identified, the critical blink features can be then computed according to the literatures (Hamrah
and Foulks, 2005; Inomata et al., 2018), i.e., blink rate (i.e., the number of peaks in a minute), blink interval
(i.e., the time difference between two consecutive peaks), and the blink duration (i.e., the time difference
between the start and the endpoints), as illustrated in Figure 6D. These blink features are of critical impor-
tance to distinguish the dry-eye patients (Hamrah and Foulks, 2005; Rodriguez et al., 2013).

To evaluate the performance of the blink-detection algorithm, the blink pattern extraction results derived
from the pressure variations are compared with that of the conventional video approach, which is consid-
ered as the clinical standard currently (Rodriguez et al., 2013; Jirgen et al., 2017; Taner et al., 2010; Fogel-
ton and Benesova, 2018). According to the literature, the conventional video approach employs manual
operations to mark the blink patterns from the recordings (Rodriguez et al., 2013; Wang et al., 2018; Kazuo,
1998), from which we have adopted the same procedure as the standard to this study. The date sets used to
verify the accuracy of the algorithm are collected from four volunteers when they are working on computers.
Two and a half hours of data are collected, as described in method section. Figure 7A plots typical synchro-
nous waveforms with blink patterns recorded by both the pressure-sensing and video means during a 10-s
period. As described previously, the pressure variations (colored in blue) are processed in a normalized
scale with the removal of the baseline drift, whereas the height of the eye aperture (colored in red) has
been calculated and normalized from each frame of the video recording as a reference. The height of
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Figure 7. Blink-detection algorithm 2

(A) Eye aperture height change curve (red) and pressure change curve (blue) normalized at the same scale.

(B) Correlation between the blink rate calculated by pressure signal and the blink rate calculated by video.

(C) Bland Altman plot of blink rate that the blink-sensing glasses extract and that from the video. The horizontal and
vertical axes are the mean and difference values of blink rates that the blink-sensing glasses measure and that from the
video, respectively.

the eye aperture is calculated according to the literature (Houssaini et al., 2019). As expected, these two
signal streams are highly synchronized with matching peak/valley patterns to indicate the blink patterns.
Figure 7B compares the analytical results of the blink rates from these two methods in the 2.5-h continuous
recording, consistently exhibiting highly correlated outcomes with a correlation coefficient of 0.99. More-
over, the Bland-Altman plot is frequently utilized as a statistic tool to compare the new method with the
existing gold standard (Myles and Cui, 2007). As shown in Figure 7C, it exhibits a low mean error of
—0.14 blinks/min between the video results and the pressure measurements, which means that the system-
atic errors between the two methods fall into a small margin. The black dashed lines represent a 95% con-
fidence interval and ranges from —1.8 to 1.6 blinks/min, and more than 95% (142/150) of the points are
within the confidence interval, illustrating no obvious deviation between the results detected by the pro-
posed system (pressure-sensing) and the gold standard (video).

In addition to the accuracy of Bland Altman plot description, the confusion matrix that can describe the accuracy
more specifically has also been carried out on the same datasets. Table 2 summarizes the statistical findings, in
which 2,776 blink patterns have been marked in the video, whereas 2,774 blink patterns can be detected by the
blink-sensing glasses. An overall accuracy of 96.3% has been achieved with 53 blink patterns missed and 51 ones
falsely counted. The false positives can possibly attribute to the weak signals of blink patterns overwhelmed by
the noises from motion artifacts, whereas the false negatives may be caused by the poor physical contact be-
tween the sensor and the skin of the testing objects. Together, these results have confirmed that both high sta-
tistic consistency and high accuracy have been presented in the sensing results between the new blink-detecting
method and the video-based gold standard, which has reportedly reached an accuracy of 97.6% in the clinical
literatures (Kazuo, 1998; Fogelton and Benesova, 2018). In summary, the detection results of the blink-sensing
glasses can satisfy the accuracy requirement of clinical blinking analysis, while providing a convenient and contin-
uous wearable means to monitor the blink activities in a minimally interruptive manner.

A demonstration of dry-eye analysis

To demonstrate the clinical utilities of the blink-sensing glasses, we comparatively analyses the differences
in the blink patterns between healthy subjects and dry-eye patients. Dry-eye analysis has been selected
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Table 2. The confusion matrix of detection algorithm

The number of blink patterns

in the video

Positive Negative
The number of blink patterns extracted by Positive (TP)2723 (FP)51
algorithm Negative (FN)53 (TN)O

because the blink patterns and the dry-eye symptoms are closely related, from which significant time-
domain differences in blink features, i.e., the blink rate, interval, and duration, have been reportedly found
between the dry-eye patients and healthy subjects, as aforementioned. Specifically, one of the major
causes for the dry-eye disease is the tear film instability occurred on the ocular surface (Wang et al.,
2018). To maintain the tear film of the dry-eye patients, it would require a higher blink rate than that of
healthy subjects (Tsubota et al., 1996). Similarly, a shorter blink interval would result from the faster blink
rate (Tsubota et al., 1996; Hamrah and Foulks, 2005). Furthermore, several studies have shown that a longer
blink duration is expected to alleviate ocular discomfort in those patients (Rodriguez et al., 2013).

One-hour blink data from six subjects have been collected by the blink-sensing glasses, of which three are
dry-eye patients and healthy subjects classified by the clinical OSDI scores (Wang et al., 2018; Kazuo, 1998;
Tsubota et al., 1996; Hamrah and Foulks, 2005; Rodriguez et al., 2013). The average score of OSDI scale of
the dry-eye subjects is 32.7 (+£7.5), whereas that of the healthy subjects is 11.3 (£ 1.1). The blink features
from two groups are compared statistically using the one-way analysis of variance (ANOVA), which is typi-
cally used to determine whether there are any statistically significant differences between the means of
groups for blinking analysis (Kazuo, 1998; Tsubota et al., 1996; Hamrah and Foulks, 2005; Rodriguez et
al., 2013).

The results have been summarized in Figure 8. As expected, the average blink rate from the dry-eye sub-
jects is 20.5 (+4.0) times/min, as compared with that of the healthy subjects (i.e., 15.6 (£ 3.0) times/min).
According to the one-way ANOVA, the blink rate of the dry-eye subjects is significantly higher than that
of the healthy subjects (P = 0.001). This conclusion is consistent with several prior studies (Wang et al.,
2018; Kazuo, 1998; Tsubota et al., 1996; Hamrah and Foulks, 2005). Similarly, the blink duration of the pa-
tients is averaged at 0.69 (£0.13) sec, which is also higher than that of the healthy subjects (of 0.60 (+0.12)
sec), and a significant difference (P = 0.013) presents in the blink duration between the two groups using the
one-way ANOVA, which is also consistent with the previous results (Tsubota et al., 1996; Hamrah and
Foulks, 2005). Finally, the maximum blink intervals have been calculated as 8.07 (+2.74) sec for the dry-
eye patients and 9.45 (£ 2.36) sec for the healthy controls, respectively. The feature measured from the pa-
tients is also statistically substantially lower than that of the healthy subjects (P = 0.041), which again well
matches with that of the prior studies (Hamrah and Foulks, 2005; Rodriguez et al., 2013). As a conclusion,
the blink-sensing glasses could be of potential clinical use to diagnose as well as to prognose the dry-eye
symptoms in a continuous and wearable manner.

Conclusion

In this paper, a novel blink-sensing glasses embedding the FITS sensor with high sensitivity has been suc-
cessfully implemented to monitor the movement of the orbicularis oculi muscles and achieve continuous
eye-blink monitoring. In particular, the blink-sensing glasses offer highly accurate (96.3%) and long-term
continuous monitoring of eye blink process in a truly comfortable and wearable fashion. Specifically, we
have experimentally identified the nose pad as a desirable location to track the muscular movements
related to eye blinks. Accordingly, the FITS sensor with the sensitivity of 340 pF/mmHg is integrated
onto the nose pad, whereas the rest of the system is hosted within the glasses frame, from which the re-
corded data can be transmitted to a wireless terminal. By applying the template-matching algorithm
with variable thresholds, the detection results have been compared with the clinical standards using
Bland-Altman plot and confusion matrix, from which high statistic consistency and high accuracy can be
confirmed. As the final demonstration, the differences in the blink patterns between healthy volunteers
and dry-eye patients have been comparatively analyzed. Consistent with the findings from the previous
studies, statistical differences have been observed in the features of blink patterns, i.e., the blink rate,
maximum blink interval, and blink duration, between the patients and the control group. And therefore,
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Figure 8. A demonstration of dry-eye analysis. Statistical chart of blink features including average blink rate,
average maximum blink interval, and average blink duration, comparing between dye-eye patients and healthy
subjects.

the blink-sensing glasses wearable within the high level of accuracy can be potentially used as an alterna-
tive clinical-grade monitoring tool for eye blink analysis, while providing patients with high comfortable-
ness of long-term ambulatory and home use.

Limitations of the study

As aforementioned in “Blink-sensing glasses” of Results and Discussion, the pressure-based measurement
only relies on the single-point contact between the nose pad and the skin. Therefore, the sensor needs to
be placed in a reliable contact with the skin for continuous measurements. In addition, the use of the blink-
sensing glasses is currently limited to indoor testing where the temperature and humidity are highly
controlled and the subjects are under a quiescent condition.
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Fig. S1 The structure diagram of the test platform. Related to Fig. 3 and Fig. 4.
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Fig. S2 The circuit diagram of Blink-sensing glasses. Related to Fig. 5.



Sensor

Fig.S3 The photo of blink-sensing glasses. Related to Fig. 5.



Table S1 The cost estimation of blink-sensing glasses. Related to Table 1.

Components Price
The FITS sensor 10 USD
The glasses frame ~10USD

Circuit board ~20USD

Table S2 The subject details of dry eye test. Related to Fig. 8.

Age Gender OSDI scale
Healthy subject 1 31 Man 12.50
Healthy subject 2 26 Man 11.00
Healthy subject 3 25 Female 10.25
Dry eye subject 1 24 Female 25.00
Dry eye subject 2 27 Female 40.00
Dry eye subject 3 24 Female 33.00




Transparent Methods

A. Sensor Calibration Platform
In order to test the sensor performance, a customized testing platform was used. It was able to

generate uniform pressure loading within +1 mmHg accuracy in the range of 0-300mmHg by a

delicate pneumatic control system. The test platform structure was shown in Fig. S1. When the
system started working, a certain pressure was applied to the sensor. The output of the tested sensor
was read out by an LCR meter (E4980AL, Keysight) in the form of capacitance. The variation of
the capacitance was recorded in real-time and matched with the controlled pressure generated by
the system on the computer. The test platform was calibrated by a dynamometer (GM520,
Benetech®) to ensure the accuracy of the pressure generated by the system.

Through the test, the response curve between the pressure and the capacitance values was
obtained, from which the sensitivity of the sensor was calculated (Fig. 3). This pressure-capacitance
curve (Fig. 4) was used to convert the response of the sensor into the pressure levels during blinks
in the following studies. In the surface performance test, the sensor was pasted on the surface with
different radius to test the sensitivity. In the temperature stability test, the sensor was placed at 10-

50 °C, and the capacitance per unit area was measured (VICTOR 4080) at different temperatures.

B. SKkin pressure characteristics

The pressure variation was measured at eight positions near the inner canthus angle to find the
appropriate location to capture skin pressure response during blinks. At each point, the sensor with
the optimized dimensions which satisfied the a forementioned measurement range of 0-35 mmHg
was pressed at the target location by a manometry (PicoPress™) with a static pressure of 4 mmHg
based on the estimation of the pressure the glasses exert on the skin, and connected to LCR meter
(E4980AL, Keysight) to record the real-time variation of capacitance for one minute. The
capacitance could be converted to absolute pressure (mmHg) according to the calibration of the

sensor. The pressure data acquired were used to identify the sensing location in the Results Fig.3.

C. Volunteer Test
The study was approved by the Institutional Review Board (IRB) at the Shenzhen Institute of
advanced technology, Chinese Academy of Sciences (approval number: siat-irb-190715-h0367). All

participants were informed of the agreement in advance.

Durability test
In the test, a volunteer wore the blink-sensing glasses during normal daily activities. The test

started at 9 a.m. and ended at 6 p.m. In addition, to verify whether the glasses were affected by



ambient light, volunteers were asked to sit in a dark office without lights for 20 minutes. All the data
were cut into segments of every 30 seconds. Within each 30 seconds, if there was a blink signal that
can be recognized artificially, the 30 seconds was labeled as the effective time. Otherwise, it was
considered invalid. In the literature of signal quality assessment, artificial judgment was regarded
as the gold standard (Liu, C., 2011; Langley, P., 2012; Moody, B. E., 2011). The whole process was

judged manually, and there was no error caused by algorithm processing.

Accuracy test
Four volunteers participated in the accuracy test. Every volunteer worked with a computer in the
office, wore blinking-sensing glasses to detect blinking, and used a camera (C270i IPTV, Logitech)

to record blink synchronously.

Dry eye test

In the dry eye test, firstly, volunteers were randomly recruited from the population to fill out the
OSDI scale. The OSDI scale (ocular surface disease index scale) was the most common used
questionnaire for clinical diagnosis of dry eye, mainly used for the initial diagnosis of dry eye and
evaluation of the severity of the disease (Penny A., 2011). According to the standard of OSDI
(Kazuo, T., 1998), the subjects can be divided into the healthy group (score less than or equal to 12)
or the dry eye group (score greater than 12). Then, subjects in both groups were asked to wear the
blink-sensing glasses and watch the same video for 10 minutes in a properly controlled environment
(i.e., in an office). The data collected by blink-sensing glasses were used in the analysis of blink

features of patients with dry eye.

D. Template generation

In the blink detection section, a typical template of the blink pattern is prepared in advance,
generated from the simultaneous recordings of the pressure and the video signals for two hours. The
two hours of data consisting of 10 minutes of data from each of 12 volunteers are used to form the
template. Specifically, the key features, including the start, the end, and the peak of each blink
pattern are marked in the pre-processed pressure signal, according to the video labeling. Next, the
features of blink patterns are counted, and the statistical average blink pattern length (75 points
collected at a sampling rate of 125Hz) is used as the template length. On this basis, all blink patterns
during two hours are extracted as vectors of 75 elements, and the template is the average of these

vectors.



Durability Test Results

In order to further evaluate the long-term performance and the reliability of the blink-sensing
glasses in actual scenarios with various daily activities, the durability test of the device was carried
out for up to 9 hours continues recording. The test and computational details were in the

Transparent Method.

Table S3 The durability test results. Related to Table 1.

Test period Activities during this time Effective time Effective time
ratio
9:30 am-11:30 am Read paper and code 117 min 30 s 97.92%
11:30 am-1:00 pm Eat lunch and talk 77 min 85.56%

1:00 pm-1:30 pm The volunteer took off her glasses for a nap. The device is in operation
but cannot count the effective time

1:30 pm-2:00 pm be in a daze, chat with 28 min 30 s 95.00%
colleagues
2:00 pm-3:50 pm Process data and code 109 min 30 s 99.55%
3:50 pm-4:30 pm Watch videos and walk 38 min 95%
around the office
4:30 pm-5:55 pm Work and play phone 84 min 98.80%
8:00 pm-8:20 pm it in office without lights on 20 min 100%

As can be seen from Table S3, the effective time referred to the time that the blink event
waveform was not submerged in the noise of the original signal, and was often calculated in the
study of signal quality assessment (Moody, B. E., 2011). Effective time ratio was the ratio of
effective time to test time. In the working scenarios, the glasses could stably collect the signals
including blink events, and the effective time ratio was more than 95% in all three time periods of
9:30am-11:30am, 2:00pm-3:50pm, 4:30pm-5:55pm. The effective time ratio decreased significantly
from 11:30am to 1:00pm and returned after 1:30pm, indicated that eating might have a great impact
on the effective signal acquisition. The speculate reason may lie in that the muscles around the
mouth moved in eating activities, and the levator muscles of the upper lip and the alar that were
connected to the orbicularis oculi also moved in a large range, which caused interference to the
signal. Secondly, when eating, the head moved frequently, which may hide the tight fit between the
sensor and the skin, resulting in poor acquisition of the blink signal. Seen from the effective time

ratio from 3:50pm-4:30pm, normal walking hardly impacted on the effective signals acquisition.



Moreover, the effective time ratio was 100% in the period of 8:00pm-8:20pm, which indicated that
the ambient light did not affect the signal acquisition.
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