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Abstract: For many human body diseases, treatments in the early stages are more efficient and safer
than those in the later stages; therefore, detecting the early symptoms of a disease is crucial. One of
the most significant early indicators for diseases is bio-mechanical motion. This paper provides a
unique way of monitoring bio-mechanical eye motion based on electromagnetic sensing technology
and a ferro-magnetic material, ferrofluid. The proposed monitoring method has the advantages
of being inexpensive, non-invasive, sensor-invisible and extremely effective. Most of the medical
devices are cumbersome and bulky, which makes them hard to apply for daily monitoring. However,
the proposed eye-motion monitoring method is designed based on ferrofluid eye make-up and
invisible sensors embedded inside the frame of glasses such that the system is wearable for daily
monitoring. In addition, it has no influence on the appearance of the patient, which is beneficial for
the mental health of some patients who do not want to attract public attention during treatment.
The sensor responses are modelled using finite element simulation models, and wearable sensor
systems are created. The designed frame of the glasses is manufactured based on 3-D printing
technology. Experiments are conducted to monitor eye bio-mechanical motions, such as the frequency
of eye blinking. Both the quick blinking behaviour with an overall frequency of around 1.1 Hz and
the slow blinking behaviour with an overall frequency of around 0.4 Hz can be observed through
experimentation. Simulations and measurements results show that the proposed sensor design can
be employed for bio-mechanical eye-motion monitoring. In addition, the proposed system has the
advantages of invisible sensor set-up and will not affect the appearance of the patient, which is not
only convenient for the daily life of the patient but also beneficial for mental health.

Keywords: wearable electronic device; eye-motion monitoring; ferrofluid; electromagnetic sensors

1. Introduction

Early detection, early diagnosis, and early treatment are significant topics in the field
of medicine. Medical diagnosis is the process of monitoring and detecting symptoms and
medical signals, and an increasing number of people have recognised the significance of
regular medical evaluation [1–6]. A medical sign is an indicator of a medical condition and
is crucial for medical diagnosis. For instance, irregular eye blinking can serve as a diagnos-
tic indicator for dry eye syndrome [7–9], burning mouth syndrome [10–12], progressive
supranuclear palsy [13–15], and even autism [16–18]. Abnormal motor behaviour, such
as tremors and rigidity [19,20], may be a symptom of alcohol intoxication, hypokinesia,
hyperthyroidism, hepatic illness, parkinsonism, etc. Since treatment is more effective in
the early stages of disease, early diagnosis of these abnormal bio-mechanical behaviours is
crucial; hence, wearable and simple detection methods are essential.
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Monitoring eye blink frequency is essential to assess the health of human eyes. Blink-
ing plays a crucial role in lubricating and protecting the eyes, and an abnormal blink rate
can indicate various conditions that affect visual health. One of the common factors that can
lead to a decrease in blink rate is prolonged screen time. Therefore, monitoring blink fre-
quency can be useful in assessing eye tiredness, which is a condition caused by prolonged
visual tasks, such as reading, working on a computer, or driving for long hours [21].

The principle of eye tiredness assessment through blink frequency monitoring is based
on the fact that blinking helps to maintain eye moisture and prevent dryness. When an
individual focuses on a screen for an extended period, they tend to blink less frequently,
causing eye dryness and fatigue [22]. Therefore, by monitoring blink frequency, doctors and
researchers can better understand the impact of visual tasks on eye health. Furthermore,
the analysis of blink frequency patterns over time can reveal trends and changes that may
indicate early signs of eye diseases.

In addition to eye tiredness, monitoring blink frequency can also aid in the early
detection of potential eye diseases. Studies have shown that a decreased blink rate is
associated with dry eye syndrome, a condition that affects the quality and quantity of tears.
Dry eye syndrome can cause discomfort, irritation, and even vision loss. By recognising and
tracking changes in blink frequency, doctors can provide early intervention and treatment
to prevent or mitigate the progression of this disease. Furthermore, monitoring blink
frequency can also aid in the early detection of Parkinson’s disease, a neurological disorder
that affects movement and balance. Parkinson’s disease is known to affect the activity of
the brain regions responsible for eye movement and blinking. As a result, individuals
with Parkinson’s disease tend to have a reduced blink rate, which can be a symptom of
the disease. By monitoring blink frequency, doctors can detect early signs of Parkinson’s
disease and provide timely treatment [23]. In summary, monitoring eye blink frequency
is a valuable tool in assessing eye health and detecting potential eye diseases. It can
provide insight into eye tiredness, help individuals and healthcare professionals take
necessary steps to protect and preserve their visual health, and aid in the early detection
of conditions such as dry eye syndrome and Parkinson’s disease. By paying attention to
blink frequency, individuals can take proactive measures to maintain good eye health and
prevent vision loss.

Certain bio-mechanical or biological signals can be used as a method of communica-
tion between humans and electronic devices. Human–machine interfaces (HMIs), a way of
communication between a human and an external device that converts a virtual thinking
into a real-world action, have attracted increasing interest from researchers [24–26]. HMIs
that use bio-mechanical/biological signals to express feelings/emotions or operate external
devices offer “hands-free” advantages [27,28]. Consequently, HMIs are especially benefi-
cial for people with motor problems. Accurate identification of biomechanical/biological
signals serves as the foundation for subsequent phases, such as expression and regula-
tion. Electroencephalogram (EEG) [29], electrooculogram (EOG) [30], electrocorticogram
(ECG) [31], and electromyogram (EMG) [32] signals are frequently utilised biomedical
signals. Each of these biological signals has its own applications, as well as its own pros
and limitations. Generally, ECG is an easy-to-perform, highly informative, and useful
diagnostic tool. EEG is a low-cost and easily repeatable technique. However it suffers from
low spatial resolution and poor signal-to-noise ratio (SNR). EMG is used to measure the
electric potential between muscle cells, but it requires an insertion of needle electrodes into
the human body and is susceptible to disturbance [29–32].

Wearable eye-motion monitoring technologies have been widely studied in recent
years. Researchers have explored various sensing technologies such as electrooculography
(EOG), electroretinography (ERG), and video-based methods to monitor eye motion [33,34].
However, many existing devices have limitations in terms of practicality and concealment.
For example, some devices require physical contact with the eye or are intrusive in similar
ways, while others require power input for sensors, making them larger and less convenient.
In contrast, the proposed method provides a unique solution to these problems. It uses a
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non-contact and invisible sensor design that does not affect the appearance and daily life of
the patient, and it does not require power input for the sensors, which makes the system
smaller than those systems with power input, and no risk of loss of power. The unique
features of the proposed method, including invisible sensor design and smaller size system,
make it a promising candidate for wearable eye-motion monitoring, especially for daily
use in healthcare applications.

In this paper, a novel method for detecting bio-mechanical eye movement is proposed.
The proposed method utilises electromagnetic induction sensing techniques and ferrofluid-
based eye make-up to detect bio-mechanical eye motions, such as the frequency of eye
blinking, which is beneficial for tiredness assessment and other potential eye diseases such
as dry eye syndrome (DES) [7–9], conjunctivitis (pink eye) [35,36] and keratitis [37,38].
Previous work carried out by Y. Xie has introduced a way of EM sensing monitoring
by connecting EM sensors to commonly worn items (such as fake eyelashes and gloves)
such that the relative mechanical movement between eyelids and joints can be tracked
by observing the electromagnetic signal between the attached EM sensors [39]. However,
this method requires a constant signal generation to measure the mutual inductance of
the sensors. More importantly, the wearable sensors on the eyelashes are attached with
wires and cables which significantly affects the appearance of patients and it might attract
public attention in daily life, which is unacceptable for some of the patients. However, this
paper proposed a novel method of eye-motion monitoring based on ferrofluid materials
and invisible coil designs.

Ferrofluid was discovered by the National Aeronautics and Space Administration
(NASA) in 1963. It is a colloidal suspension of ferro-magnetic nano-particles in a liquid
medium. In the past few decades, the super-paramagnetism and miniaturisation features
of ferrofluids have been the subjects of extensive research and scholarly articles [40]. They
have been the subject of substantial study for electromagnetic engineering, mechanical
engineering, and medical applications. With the rapid advancement of these cutting-edge
technologies, the importance of ferrofluid research and development has grown [41–43]. In
this paper, ferrofluid is used as a magnetic medium for electromagnetic signal detecting.
Due to the black colour and liquid form of the ferrofluid, it can function as an ’eye liner’ on
human eyes as a make-up. Then, a fake eyelash with small permanent magnet attached is
attracted by the ferrofluid and thus the fake eyelash is adsorbed firmly on the eyes. With
the eye motion of blinking, the permanent magnet generates a variable magnetic field,
which can generate an electromagnetic induction on a couple of passive coils winding on
the glasses. The coils are designed to adapt the shape of the frame of the glasses, which
makes the system wearable and the coils are made potentially invisible by integrating them
into the frame of the glasses. The energy of the signal is harvested from the eye-blinking
motion itself and does not require any external energy for continuous signal generating.
Furthermore, each signal generated by the eye-blinking motion can be recorded for the
treatment of eye diseases.

The use of ferrofluid as eye make-up may pose potential side effects for extended
periods. One such side effect is the difficulty in removing ferrofluid from the eye, which
necessitates the use of cleansing agent that might irritate the eye and increase the risk of eye
infections. Additionally, the nanoparticles of ferrofluid will not be firmly attached to the
skin indefinitely, which means that the patient needs to apply the eye makeup periodically.
It might cause inconvenience for the patient to put on and remove the eye make-up
regularly. However, the advantages gained from the proposed method are significant
enough to justify the potential side effects caused by the ferrofluid as an eye make-up.

In this paper, both quick blinking with an overall frequency of around 1.1 Hz and slow
blinking with an overall frequency of around 0.4 Hz can be tracked. A finite-element-based
simulation is carried out to simulate the signal generated from the eye-blinking motion.
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2. Model
2.1. Design Model

In order to apply early treatment of eye diseases and to take care of the mental health
of the patient, this work proposed a novel wearable eye-motion monitor with ferrofluid-
based eyelash make-up, in which the detecting sensors are integrated inside the frame of
glasses so that the monitoring devices are invisible and do not affect the appearance and
daily life of the patient. Ferrofluid is a super-paramagnetic material that mainly consists of
nano-particles of Fe3O4 and water which causes no harm to the human body. The colour
of the ferrofluid is mostly dark black which makes it a good replacement for eye-liner. By
putting small permanent magnets on the fake eyelashes, as shown in Figure 1, the fake
eyelashes are easily attached to the ferrofluid eye-liner due to the super-paramagnetic
characteristic of the ferrofluid. With the permanent magnets attached to the eyelashes,
each blinking motion of the eyes moves the permanent magnet in the vertical direction,
as shown in Figure 2, which leads to the change of magnetic field inside the coils and
generates an induced signal on the coils integrated inside the frame of the designed glasses.
The signal is detected and recorded to monitor the eye-blinking motion for early treatment
of eye diseases.

Figure 1. Ferrofluid-based eye-liner and eyelash attached with permanent magnet.

Figure 2. Permanent magnet moving with eye-blinking motion.

The model of the designed glasses is shown in Figure 3. The top side and bottom side
of the glasses’ frame is hollowed out to put in the sensors to make the monitoring system
invisible and avoid influencing the appearance and daily life of the patient. The upper-side
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coil and lower-side coil are connected in the same direction so that the induced signal
can be multiplied into a larger signal which is easier to be detected and more sensitive
to the eye-blinking motions. The proposed eye-motion monitoring system is designed to
be adaptable to various eye shapes and sizes. The wearable sensor system is embedded
inside the frame of the glasses, which can be customised to fit different head and face sizes.
Additionally, the system employs a non-contact sensing approach, where the sensor does
not directly touch the eye surface, thus reducing the potential for discomfort and ensuring
the system’s adaptability for various eye shapes. The use of a ferrofluid-based sensor also
allows for flexibility in the sensing area, as the fluid can conform to the shape of the eye.
Moreover, the proposed sensor does not rely on external power sources, which means that
it can potentially be miniaturised to fit even smaller eye shapes. In this way, the proposed
system has the advantage of being adaptable to different individuals’ eye shapes and sizes,
which is crucial for ensuring accurate and reliable monitoring results.

This work mainly focuses on the design of an invisible sensing system. The signal-
receiving and -recording system is still based on Arduino Mega board. However, both the
monitoring system and data-processing system can be potentially integrated into the frame
of the glasses in the future work.

Figure 3. Schematic diagram for designed sensors and glasses.

2.2. 3D Print Model

To build the specific frame shape of the designed glasses, a three-dimensional (3-D)
printing model is built and the glasses are printed using 3-D printing technology. The 3-D
printing model is built based on the geometry module of the software Comsol Multiphysics
and the file generated is in STL format which is the basic 3-D printing file format. The 3-D
printing model is shown in Figure 4. Figure 4a shows the top side view of the model and
Figure 4b shows the bottom side view of the model. Both top and bottom side of the frame
are hollowed out to put in the coils. The hollowed part is designed as a elliptical ring to fit
the shape of the coils. There are columnar parts remaining in the centre of the hollowed
part to work as the cores of the coils, which keep the coils in a fixed shape and make it
more convenient for coil winding.

(a) Top side of the designed glasses (b) Bottom side of the designed glasses
Figure 4. The 3-D printing model for the designed glasses.
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2.3. FEM Simulation Model

The finite element simulation model is built based on Comsol Multiphysics to analyse
the induced signal inside the coils generated from the moving permanent magnet. The FEM
model is shown in Figure 5. The permanent magnet is put in the centre of the model. A
dynamic meshing module is used to make the permanent magnet move in simple harmonic
motion (SHM), which simulates the permanent magnet movement during the eye-blinking
motion. Neodymium is selected as the material for the magnet, and the magnetic properties
of the magnet are shown in Table 1.

Table 1. Parameters of Neodymium magnet.

Symbol Parameter Value Units

Br Remanence 1.2 T
Hci Coercivity 1000 kA/m

BHmax Maximum energy product 300 kJ/m3

Tc Curie temperature 310–400 ◦C

The coils are put on the top and bottom sides of the permanent magnet, as shown
in Figure 5. The number of turns of the coils is set to be 500 and the cross section area of
the coil wire is set to be 7.8× 10−3 mm2, which is the same size as the wires selected in
the experiments. The FEM solver is selected for transient analysis to calculate the induced
signal while the permanent magnet is moving vertically. Both upper side coil and lower
side coils have the same winding direction and the generated signals inside both coils are
multiplied. The moving range of the permanent magnet is set from 0 cm to 3 cm. The work
station is based on Windows 10 with 32 G RAM.

Figure 5. Finite element model for moving permanent magnet generating induced signal in coils.

3. Method
3.1. Experimental Set-Up

The frame of the design glasses is built using 3-D printing technology and the material
selected is polylactic acid (PLA). The diameter of the wires for winding the coils are 0.1 mm.
The number of turns of the coil is 500, which is the same with the finite element simulation
model. The data detecting and recording is processed by an Arduino Mega 2560 board. To
operate the microcontroller, an Arduino Software (IDE) is built and programmed to read
and record the induced signal. In addition, a Python-based program is built to export the
data in real time and save the data onto the work station.
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The prototype of the designed glasses is shown in Figure 6. The top and bottom sides
of the glasses frame are hollowed out for integrating the coils. The diameter of the wire
used for winding coils is 0.1 mm. The length of the major axis and the minor axis of the
coil are 30 mm and 5 mm, respectively. The thickness and height of the coils are 1 mm and
4 mm, respectively. Figure 6b shows the top view of how the coils are integrated into the
frame of the glasses. Figure 7 shows the front view and the side view of participant wearing
the glasses. The coils are integrated into the frame of the glasses and they are invisible from
the front and the side view. In this work, each end of the coil wires is extended to connect
with the signal processor Arduino. However, all the wires can be potentially integrated
into the frame of the glasses to make the whole system invisible.
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3.2. FEM Simulation

The finite element model was built to analyse the design of the coils and the induced
signal inside the coils while the permanent magnet moves in a simple harmonic motion
between the upper and lower coils. Comsol Multiphysics 5.6 is used for building the model,
meshing the elements and calculating the induced signals. The governing equation of the
magnetic vector potential can be expressed by Equation (1).

∇× (µ−1∇× A) = jc (1)

where A stands for the potential of the magnetic vector, jc is the density of the current,
and µ stands for the magnetic permittivity. The magnetic field of the system H and the
magnetic induction intensity of the system B can be expressed as:

B = ∇× A (2)

H = µ−1B (3)

The magnetic field of permanent magnet H′ at the no-current region is expressed as:

∇× H′ = 0 (4)

The potential of the magnetic scalar Vm is calculated as:

H′ = −∇Vm (5)

The intensity of the magnetic induction B′ at the no-current region can be expressed
by the following equation:

B′ = µ0
(

H′ + M
)

(6)

∇ · B′ = 0 (7)

where µ0 represents the permeability of vacuum and M stands for the magnetization factor.
Vm can be further expressed by Equation (8), by substituting Equations (5) and (6) into
Equation (7).

−∇ · (µ0∇Vm − µ0M) = 0 (8)

The magnetic force of the permanent magnet is applied to the ferrofluid to attract the
fake eyelash. The magnetic force can be calculated by integrating the surface stress tensor,
which can be expressed as:

n1T1 = −1
2
(H · B)n1 + (n1 · H)BT (9)

where T1 stands for the stress tensor of air, and n1 directly represents the normal of
the boundary.

According to Faraday’s law, the induced signal can be calculated by:

ε = − d
dt

∫ ∫
S

−→
B · d−→S (10)

= −
∫ ∫

S

∂
−→
B

∂t
· d−→S (11)

The simulation parameters are set according to real-life data, as shown in Table 1.
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4. Result and Discussion
4.1. Simulation Results

The simulation parameters have been set to the same with the real world data, includ-
ing the size of the permanent magnet and the number of turns of the coils and the position
of the magnet and the coils. The revised model based on real world data is built based
on the finite element method, as shown in Figure 9. The moving range of the permanent
magnet is ranging vertically from 0 cm to 1.5 cm.

The magnetic induction intensity distribution of different permanent magnet positions
is shown in Figure 10. Figure 10a shows the simulation result for when the permanent
magnet is at position 1.5 cm, which simulates the position of the permanent magnet with
the eye fully opened. Figure 10b shows the position of the permanent magnet where the
eye is fully closed.

The vertical position of the permanent magnet in time domain is shown in Figure 11.
A single eye-blinking duration for humans is from 0.2 s to 0.4 s. The magnet’s moving
period is set to be 0.2 s to simulate a blink motion. As shown in Figure 11, position
0 cm represents the fully-closed eye motion and position 1.5 cm represents the fully-open
eye motion. The permanent magnet moves from 0 to 1.5 cm periodically to simulate the
continuous eye-blinking motion.

Figure 9. FEM simulation model based on real world data.

Bioengineering 2023, 1, 0 9 of 16

4. Result and Discussion
4.1. Simulation Results

The simulation parameters have been set to the same with the real world data, includ-
ing the size of the permanent magnet and the number of turns of the coils and the position
of the magnet and the coils. The revised model based on real world data is built based
on the finite element method, as shown in Figure 9. The moving range of the permanent
magnet is ranging vertically from 0 cm to 1.5 cm.

The magnetic induction intensity distribution of different permanent magnet positions
is shown in Figure 10. Figure 10a shows the simulation result for when the permanent
magnet is at position 1.5 cm, which simulates the position of the permanent magnet with
the eye fully opened. Figure 10b shows the position of the permanent magnet where the
eye is fully closed.

The vertical position of the permanent magnet in time domain is shown in Figure 11.
A single eye-blinking duration for humans is from 0.2 s to 0.4 s. The magnet’s moving
period is set to be 0.2 s to simulate a blink motion. As shown in Figure 11, position 0
cm represents the fully-closed eye motion and position 1.5 cm represents the fully-open
eye motion. The permanent magnet moves from 0 to 1.5 cm periodically to simulate the
continuous eye-blinking motion.

Figure 9. FEM simulation model based on real world data.

(a) Eye-open motion with PM closing to upper coil
(b) Eye-closing motion with PM at
original position

Figure 10. FEM result of eye-opening and -closing position.
Figure 10. FEM result of eye-opening and -closing position.



Bioengineering 2023, 10, 514 10 of 16

Figure 11. Position of permanent magnet.

The induced signals inside the upper and lower coils are shown in Figure 12. The
upper coil shows a stronger induced voltage than that of the lower coil, since the permanent
magnet is moving on the upper space, which is closer to the upper coil and generates a
stronger alternating magnetic field inside the upper coil. As the coils are wound and
connected in the same direction, the induced signal can be multiplied into a larger signal for
detection. Figure 13 shows the multiplied signal of the upper and lower coils. It generates
a positive and a negative pulse during each period of 0.2 s, which can be monitored and
recorded to calculate the eye-blinking frequency. Due to the limitation of Arduino, which
is used to collect the generated signal, only one positive pulse can be read and recorded
in the experimental result. However, it does not affect the monitoring of the eye-blinking
motion as each positive pulse detected represents a single eye-blinking motion.

Figure 12. Induced signal inside the coils.
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Figure 13. Multiplied signal with a period of 0.2 s.

In order to fully understand the system behaviour for different blinking durations, an
additional simulation with 0.4 s blinking duration is carried out. As shown in Figure 14,
the multiplied signal still shows a positive and negative peak each period. However, the
magnitude of the 0.4 s duration signal is only a half of the 0.2 s duration signal. This is
because, when the blinking duration is shorter, the permanent magnet moves faster and
leads to a larger magnetic field change in a unit period. Thus, the blinking motion with
shorter period generates a larger induced signal inside the coils.

Figure 14. Multiplied signal with a period of 0.4 s.

4.2. Experimental Results

The designed 3-D printed glasses and integrated sensor for eye-blinking monitoring is
shown in Figure 6. The whole system consists of a 3-D printed glasses frame, two 500-turn
coils, ferrofluid-based eye-liner and fake eyelashes attached with permanent magnets. The
cost of the system is low and all the materials can be purchased easily from local stores
or on-line order. With this novel designed system, the eye-blinking motion can be easily
monitored without influence on the appearance and daily life of the patient. The diameter
of the wire used for winding coils is 0.1 mm. The length of the major axis and the minor
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axis of the coil are 30 mm and 5 mm respectively. The thickness and height of the coils are
1 mm and 4 mm respectively. Figure 7 presents the appearance of the monitoring system
while worn in real life. The coils are invisible as they are integrated inside the frame of the
glasses. The ferrofluid-based eye-liner and fake eyelashes attached with permanent magnet
are substitutes for daily make-up. With such a design, each eye-blinking motion generates a
induced signal inside the coils and the signal is monitored and recorded for early treatment
of eye diseases. There is no direct contact between the sensing system and the human body.
The only direct contact is the ferrofluid eye-liner, which is harmless to human health. In
the light of this wearable design, the eye-blinking motion can be monitored in daily life
without any influence on the appearance of the patient.

The experiment is designed to monitor the eye-blinking frequency. The participant
wears the monitoring system and blinks quickly and slowly for a certain period. The
measured result is shown in Figure 15. According to the simulation result, each blinking
motion generates a positive and negative signal. However, due to the limitation of the
Arduino Mega board, only positive signals can be read from the AnologRead port of the
board. The AnologRead port of Arduino maps the input voltages between 0 and 5 V into
integer values from 0 to 1023, which means the unit for each magnitude of the data is
5/1024 V = 4.9 mV. As shown in Figure 15, the participant firstly blinks slowly for 10 s and
the frequency measured is approximately 0.3–0.4 Hz. Then the participant stops blinking
for 10 s and starts blinking quickly for another 10 s. The frequency measured for fast
blinking is around 1.1 Hz. The participant repeats the slow and fast blinking for more data
collecting and reduces the system error. Each blinking motion generates a pulse signal and
it is used to calculate and record the eye-blinking frequency during the measurement. It is
shown in the results that the magnitude of the fast blinking signal is larger than the slow
blinking signal, which validates the finite element simulation results. This is because of the
fact that, when the participant tries to blink faster, the permanent magnet attached on the
fake eyelash moves faster and leads to a larger magnetic field change in a unit time. Thus
the fast blinking behaviour generates a stronger signal on the coils than that of the slow
blinking behaviour. The proposed wearable monitoring system is working with low cost
and high accuracy.

Figure 15. Signal generated and monitored from slow blinking and fast blinking.

In scientific experiments, it is important to validate the results by replicating real-life
scenarios. This is particularly true in the study of eye diseases, where irregular blinking
can be a symptom. To imitate this symptom, the participant is asked to blink in a ran-
dom frequency, alternating between slow and fast blinking. This helps to simulate the
unpredictability of the blinking patterns observed in patients with certain eye conditions.
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As shown in Figure 16, the blue signal represents a normal blinking pattern with a
relatively low frequency and consistent speed. This results in a smaller magnitude of the
signal compared to the irregular fast blinking pattern shown in red. This fast-blinking
pattern is commonly observed in daily life, and can be caused by a variety of eye diseases
such as dry eye syndrome, burning mouth syndrome, or even Parkinson’s disease. Due
to the higher frequency and speed of the blinking, the magnitude of the signal is much
larger than that of the normal blinking pattern, as illustrated in Figure 15. By accurately
simulating these irregular blinking patterns, researchers can better understand the effects
of different eye conditions and develop more effective treatments.

Figure 16. Signal generated and monitored from blinking with random frequency.

4.3. Discussion

The proposed method for eye-motion monitoring has several advantages over existing
systems. One significant advantage is its non-contact and invisible sensor design that does
not interfere with the patient’s daily life and appearance. This feature is not present in
other monitoring systems that typically require the use of physical sensors, which can be
cumbersome and uncomfortable for the patient. Another advantage is that the proposed
method does not require any power input for the sensors, making it potentially very small
in size. This is not the case for other systems that require power input for sensors, which
can increase the size of the monitoring device. Moreover, the proposed method has been
demonstrated to be adaptable to various eye shapes and sizes. This is not the case for some
existing systems that may have difficulty fitting different eye shapes and sizes, resulting in
inaccurate measurements. In terms of accuracy, the proposed method has been shown to be
able to accurately monitor eye-blinking frequency, which is a significant indicator of fatigue
and some neurological diseases. Furthermore, the proposed method has been shown to be
effective in detecting early-stage symptoms of various diseases through bio-mechanical
motion monitoring.

Overall, the proposed method offers several unique advantages over existing eye-
motion monitoring systems, including its non-contact and invisible sensor design, potential
for a small size, adaptability to various eye shapes and sizes, and accuracy in monitoring
eye motion and detecting early-stage disease symptoms.

5. Conclusions

Diagnosis is a hot topic in both medical research and clinical care practise. Medical
diagnosis and treatment are more effective when the biological symptom is detected early.
This research examines non-contact sensing for bio-mechanical detection. The design of
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a wearable monitoring system based on ferrofluid eye-liner and wearable devices makes
the system simple to operate and eliminates the requirement for direct contact between
electrical sensors and the eyelids. In addition, the devices are invisible, which does not
affect the daily life of the patient.

The simulation results are validated with experimental results. The experiment in-
volves detecting the signal generated from eye motions and measuring the frequency of
eye blinking. The designed wearable device for monitoring eye blinking is based on a
ferrofluid eye-liner, fake eyelashes attached with a permanent magnet, and 3-D printed
glasses. The measurement results demonstrate that the quick blinking and slow blinking
behaviours can be detected and monitored using the proposed method. Furthermore, the
eye-blinking frequency measured in the experiment is identical to that observed in real life.
In addition, the amplitude of rapid blinking is greater than that of slow blinking because
rapid blinking entails a stronger and faster tissue movement than slow blinking, which
generates a stronger induced signal inside the sensors. Future research will concentrate on
integrating the whole measurement system into the frame of the glasses to make the whole
system invisible and wearable.

Author Contributions: Conceptualization, P.L. and J.T.; methodology, J.T. and P.L.; software, J.T. and
Y.Z.; validation, J.T. and P.L.; formal analysis, J.T. and Y.Z.; investigation, J.T. and P.L.; resources,
P.L.; data curation, J.T. and P.L.; writing—original draft preparation, J.T. and Y.Z.; writing—review
and editing, Y.Z. and J.T.; visualization, J.T. and P.L.; supervision, P.L.; project administration, P.L.;
funding acquisition, P.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is funded by the Engineering and Physical Sciences Research Council (EPSRC),
Ref. EP/T006382/1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the funding support by the the Engineering
and Physical Sciences Research Council (EPSRC).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wheeler, T.T.; McGorray, S.P.; Dolce, C.; Taylor, M.G.; King, G.J. Effectiveness of early treatment of Class II malocclusion. Am. J.

Orthod. Dentofac. Orthop. 2002, 121, 9–17.
2. Good, W.V.; Early Treatment for Retinopathy of Prematurity Cooperative Group. Final results of the Early Treatment for

Retinopathy of Prematurity (ETROP) randomized trial. Trans. Am. Ophthalmol. Soc. 2004, 102, 233.
3. Santarpia, L.; Contaldo, F.; Pasanisi, F. Nutritional screening and early treatment of malnutrition in cancer patients. J. Cachexia

Sarcopenia Muscle 2011, 2, 27–35.
4. Early Treatment for Retinopathy of Prematurity Cooperative Group. Revised indications for the treatment of retinopathy

of prematurity: Results of the early treatment for retinopathy of prematurity randomized trial. Arch. Ophthalmol. 2003,
121, 1684–1694.

5. Seftel, D.; Boulware, D.R. Prospective cohort of fluvoxamine for early treatment of coronavirus disease 19. In Proceedings of the
Open Forum Infectious Diseases; Oxford University Press US: Oxford, UK, 2021; Volume 8, p. ofab050.

6. Gupta, A.; Gonzalez-Rojas, Y.; Juarez, E.; Crespo Casal, M.; Moya, J.; Falci, D.R.; Sarkis, E.; Solis, J.; Zheng, H.; Scott, N.; et al.
Early treatment for COVID-19 with SARS-CoV-2 neutralizing antibody sotrovimab. N. Engl. J. Med. 2021, 385, 1941–1950.

7. Yang, Y.J.; Lee, W.Y.; Kim, Y.J.; Hong, Y.P. A meta-analysis of the efficacy of hyaluronic acid eye drops for the treatment of dry eye
syndrome. Int. J. Environ. Res. Public Health 2021, 18, 2383.

8. Yoo, T.K.; Oh, E. Diabetes mellitus is associated with dry eye syndrome: A meta-analysis. Int. Ophthalmol. 2019, 39, 2611–2620.
9. De Paiva, C.S.; Pflugfelder, S.C.; Ng, S.M.; Akpek, E.K. Topical cyclosporine A therapy for dry eye syndrome. Cochrane Database

Syst. Rev. 2019, 9, CD010051.
10. Wu, S.; Zhang, W.; Yan, J.; Noma, N.; Young, A.; Yan, Z. Worldwide prevalence estimates of burning mouth syndrome: A

systematic review and meta-analysis. Oral Dis. 2022, 28, 1431–1440.



Bioengineering 2023, 10, 514 15 of 16

11. Imamura, Y.; Shinozaki, T.; Okada-Ogawa, A.; Noma, N.; Shinoda, M.; Iwata, K.; Wada, A.; Abe, O.; Wang, K.; Svensson, P. An
updated review on pathophysiology and management of burning mouth syndrome with endocrinological, psychological and
neuropathic perspectives. J. Oral Rehabil. 2019, 46, 574–587.

12. Kim, J.Y.; Kim, Y.S.; Ko, I.; Kim, D.K. Association between burning mouth syndrome and the development of depression, anxiety,
dementia, and Parkinson disease. JAMA Otolaryngol. Head Neck Surg. 2020, 146, 561–569.

13. Stamelou, M.; Respondek, G.; Giagkou, N.; Whitwell, J.L.; Kovacs, G.G.; Höglinger, G.U. Evolving concepts in progressive
supranuclear palsy and other 4-repeat tauopathies. Nat. Rev. Neurol. 2021, 17, 601–620.

14. Coughlin, D.G.; Litvan, I. Progressive supranuclear palsy: Advances in diagnosis and management. Park. Relat. Disord. 2020,
73, 105–116.

15. Kovacs, G.G.; Lukic, M.J.; Irwin, D.J.; Arzberger, T.; Respondek, G.; Lee, E.B.; Coughlin, D.; Giese, A.; Grossman, M.; Kurz,
C.; et al. Distribution patterns of tau pathology in progressive supranuclear palsy. Acta Neuropathol. 2020, 140, 99–119.

16. Zeidan, J.; Fombonne, E.; Scorah, J.; Ibrahim, A.; Durkin, M.S.; Saxena, S.; Yusuf, A.; Shih, A.; Elsabbagh, M. Global prevalence of
autism: A systematic review update. Autism Res. 2022, 15, 778–790.

17. Hull, L.; Petrides, K.; Mandy, W. The female autism phenotype and camouflaging: A narrative review. Rev. J. Autism Dev. Disord.
2020, 7, 306–317.

18. Bottema-Beutel, K.; Kapp, S.K.; Lester, J.N.; Sasson, N.J.; Hand, B.N. Avoiding ableist language: Suggestions for autism
researchers. Autism Adulthood 2021, 3, 18–29.

19. Wang, J.Y.; Fan, Q.Y.; He, J.H.; Zhu, S.G.; Huang, C.P.; Zhang, X.; Zhu, J.H. SLC6A4 repeat and single-nucleotide polymorphisms
are associated with depression and rest tremor in Parkinson’s disease: An exploratory study. Front. Neurol. 2019, 10, 333.

20. Salcedo-Arellano, M.J.; Wolf-Ochoa, M.W.; Hong, T.; Amina, S.; Tassone, F.; Lechpammer, M.; Hagerman, R.; Martínez-Cerdeño,
V. Parkinsonism Versus Concomitant Parkinson’s Disease in Fragile X–Associated Tremor/Ataxia Syndrome. Mov. Disord. Clin.
Pract. 2020, 7, 413–418.

21. Islam, A.; Rahaman, N.; Ahad, M.A.R. A study on tiredness assessment by using eye blink detection. J. Kejuruter. 2019,
31, 209–214.

22. Ngo, W.; Situ, P.; Keir, N.; Korb, D.; Blackie, C.; Simpson, T. Psychometric properties and validation of the Standard Patient
Evaluation of Eye Dryness questionnaire. Cornea 2013, 32, 1204–1210.

23. Chen, W.; Chiang, T.; Hsu, M.; Liu, J. The validity of eye blink rate in Chinese adults for the diagnosis of Parkinson’s disease.
Clin. Neurol. Neurosurg. 2003, 105, 90–92.

24. Heng, W.; Solomon, S.; Gao, W. Flexible electronics and devices as human–machine interfaces for medical robotics. Adv. Mater.
2022, 34, 2107902.

25. Wu, H.; Yang, G.; Zhu, K.; Liu, S.; Guo, W.; Jiang, Z.; Li, Z. Materials, devices, and systems of on-skin electrodes for electrophysio-
logical monitoring and human–machine interfaces. Adv. Sci. 2021, 8, 2001938.

26. Wang, M.; Wang, T.; Luo, Y.; He, K.; Pan, L.; Li, Z.; Cui, Z.; Liu, Z.; Tu, J.; Chen, X. Fusing stretchable sensing technology with
machine learning for human–machine interfaces. Adv. Funct. Mater. 2021, 31, 2008807.

27. Yu, Y.; Nassar, J.; Xu, C.; Min, J.; Yang, Y.; Dai, A.; Doshi, R.; Huang, A.; Song, Y.; Gehlhar, R.; et al. Biofuel-powered soft electronic
skin with multiplexed and wireless sensing for human-machine interfaces. Sci. Robot. 2020, 5, eaaz7946.

28. Wang, K.; Yap, L.W.; Gong, S.; Wang, R.; Wang, S.J.; Cheng, W. Nanowire-Based Soft Wearable Human–Machine Interfaces for
Future Virtual and Augmented Reality Applications. Adv. Funct. Mater. 2021, 31, 2008347.

29. Craik, A.; He, Y.; Contreras-Vidal, J.L. Deep learning for electroencephalogram (EEG) classification tasks: A review. J. Neural Eng.
2019, 16, 031001.

30. Thilagaraj, M.; Arunkumar, N.; Ramkumar, S.; Hariharasitaraman, S. Electrooculogram signal identification for elderly disabled
using Elman network. Microprocess. Microsyst. 2021, 82, 103811.

31. Dubey, A.; Ray, S. Cortical electrocorticogram (ECoG) is a local signal. J. Neurosci. 2019, 39, 4299–4311.
32. Monte-Silva, K.; Piscitelli, D.; Norouzi-Gheidari, N.; Batalla, M.A.P.; Archambault, P.; Levin, M.F. Electromyogram-related

neuromuscular electrical stimulation for restoring wrist and hand movement in poststroke hemiplegia: A systematic review and
meta-analysis. Neurorehabilit. Neural Repair 2019, 33, 96–111.

33. Sahay, P.; Kumawat, D.; Gupta, S.; Tripathy, K.; Vohra, R.; Chandra, M.; Venkatesh, P. Detection and monitoring of subclinical
ocular siderosis using multifocal electroretinogram. Eye 2019, 33, 1547–1555.

34. Xu, J.; Li, X.; Chang, H.; Zhao, B.; Tan, X.; Yang, Y.; Tian, H.; Zhang, S.; Ren, T.L. Electrooculography and Tactile Perception
Collaborative Interface for 3D Human–Machine Interaction. Acs Nano 2022, 16, 6687–6699.

35. Azari, A.A.; Arabi, A. Conjunctivitis: A systematic review. J. Ophthalmic Vis. Res. 2020, 15, 372.
36. Ozturker, Z.K. Conjunctivitis as sole symptom of COVID-19: A case report and review of literature. Eur. J. Ophthalmol. 2021,

31, NP145–NP150.
37. Brown, L.; Leck, A.K.; Gichangi, M.; Burton, M.J.; Denning, D.W. The global incidence and diagnosis of fungal keratitis. Lancet

Infect. Dis. 2021, 21, e49–e57.
38. Ting, D.S.J.; Ho, C.S.; Deshmukh, R.; Said, D.G.; Dua, H.S. Infectious keratitis: An update on epidemiology, causative microorgan-

isms, risk factors, and antimicrobial resistance. Eye 2021, 35, 1084–1101.
39. Xie, Y.; Lu, M.; Yin, W.; Xu, H.; Zhu, S.; Tang, J.; Chen, L.; Ran, Q.; Zhang, Y.; Qu, Z. Novel wearable sensors for biomechanical

movement monitoring based on electromagnetic sensing techniques. IEEE Sens. J. 2019, 20, 1019–1027.



Bioengineering 2023, 10, 514 16 of 16

40. Kole, M.; Khandekar, S. Engineering applications of ferrofluids: A review. J. Magn. Magn. Mater. 2021, 537, 168222.
41. Giwa, S.; Sharifpur, M.; Goodarzi, M.; Alsulami, H.; Meyer, J. Influence of base fluid, temperature, and concentration on the

thermophysical properties of hybrid nanofluids of alumina–ferrofluid: Experimental data, modeling through enhanced ANN,
ANFIS, and curve fitting. J. Therm. Anal. Calorim. 2021, 143, 4149–4167.

42. Sadeghi, M.; Tayebi, T.; Dogonchi, A.; Nayak, M.; Waqas, M. Analysis of thermal behavior of magnetic buoyancy-driven flow in
ferrofluid–filled wavy enclosure furnished with two circular cylinders. Int. Commun. Heat Mass Transf. 2021, 120, 104951.

43. Anantha Kumar, K.; Sandeep, N.; Sugunamma, V.; Animasaun, I. Effect of irregular heat source/sink on the radiative thin film
flow of MHD hybrid ferrofluid. J. Therm. Anal. Calorim. 2020, 139, 2145–2153.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction
	Model
	Design Model
	3D Print Model
	FEM Simulation Model

	Method
	Experimental Set-Up
	FEM Simulation

	Result and Discussion
	Simulation Results
	Experimental Results
	Discussion

	Conclusions
	References

