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INTRODUCTION

Glaucoma is the leading cause of irreversible blindness 
worldwide,[1] and is the second most common cause of 
blindness after cataracts.[2] In 2013, 64.3 million people 
had glaucoma, and the prevalence is estimated to 
become as high as 111.8 million by 2040.[3] Glaucoma is 
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Abstract
Glaucoma is the leading cause of irreversible blindness and vision loss in the world. Although intraocular 
pressure (IOP) is no longer considered the only risk factor for glaucoma, it is still the most important one. 
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nature and fluctuation of the IOP, a single clinical measurement is not a reliable indicator of diurnal IOP; 
it requires 24‑hour monitoring methods. Technological advances in microelectromechanical systems and 
microfluidics provide a promising solution for the effective measurement of IOP. This paper provides a 
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considered to be an intraocular pressure (IOP)‑associated 
optic neuropathy with characteristic funduscopic 
findings.[1] Although it is a multifactorial disease, high 
IOP is considered to be the primary risk factor.[4] IOP is the 
result of a balance between aqueous humor production 
and drainage, and a malfunction in the drainage system 
leads to a pressure increase in the eye. Thus, monitoring 
IOP is key for the diagnosis and treatment of glaucoma.

There are several methods used to estimate IOP, and 
several devices to evaluate IOP are emerging, but the 
perfect instrument to detect absolute IOP has yet to be 
developed. In fact, as the eye is not a dry, thin‑walled 
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balloon, there is no exact value for IOP that can be 
detected by any conventional device. The IOP is the 
pressure simultaneously perceived by each tissue in the 
eye globe, and the pressure is different for the cornea, 
sclera, and lamina cribrosa. To complicate the matter 
further, the IOP has a dynamic nature; its fluctuation, 
based on endogenous and exogenous factors, make 
“snapshot” measurements even less reliable. Factors 
such as corneal thickness, body posture and liquid 
consumption, time of measurement, blood pressure, 
and stress influence measurements performed by 
conventional methods, and the obtained results cannot 
be considered an exact estimate.[4‑7] Underestimation of 
IOP causes missed or delayed detection of glaucoma.[8] 
Thus, continuous measurement of IOP is crucial to detect 
fluctuations and to understand its role in glaucoma.

Miniaturization of sensor technology has provided 
new opportunities for IOP monitoring and glaucoma 
diagnosis in early stages.[9] Using the miniaturization 
advantages of microelectromechanical systems (MEMS) 
technology and microfluidics systems, new implantable 
IOP sensors can be developed for continuous IOP 
monitoring. The upcoming sensors can be implanted 
in the anterior chamber,[10‑14] embedded intraocularly 
or in a contact,[15‑22] or integrated into a tonometry 
device for better measurement accuracy.[23] Currently, 
some continuous pressure monitoring systems such 
as Triggerfish®  (Sensimed AG, Switzerland) and 
EYEMATE® (Implandata Ophthalmic Products GmbH, 
Germany) have been used in clinical applications, but 
further development or the availability of an optimal 
implantable IOP sensor are necessary before these 
systems can be used in clinical practice.

This article provides an overview of the ongoing 
research that will provide the underlying technology 
for future IOP monitoring devices. We also discuss a 
new trend in the development of an integrated MEMS/
microfluidics system, which can be used as an IOP 
monitoring system along with an artificial drainage system 
to treat glaucoma. First, the required characterization for 
IOP sensors from engineering and clinical points of view 
is discussed. Afterwards, the underlying technologies 
are investigated. Existing sensors are reviewed, and the 
future directions are discussed.

PRINCIPLES OF PRESSURE 
MEASUREMENTS

A sensor is a transducer that measures a physical quantity 
and converts it into a signal that can be read by an observer 
or an electronic instrument. In other words, a sensor 
transfers some physical quantities that cannot be observed 
directly as readable data by a human or by computing for 
further analysis. Several conditions and diseases are linked 
to the deviation of IOP from a healthy, normal range, 

motivating the need for chronic implantable pressure 
sensors. Differential (gauge) pressure measurement is the 
prevailing method of pressure measurement for medical 
applications; atmospheric pressure is designated as the 
baseline or “zero” for that measurement.[24] Most available 
pressure sensors are based on flexible components with 
integrated sensor and manometer devices. In the first 
method, there is an elastic membrane under pressure; the 
shape change of the elastic membrane is characterized 
by a displacement that can then be measured using a 
suitable sensor. This displacement results in a change in 
an electrical quantity of the sensor, such as capacitance 
or resistance, which can be read and recorded using a 
suitable electrical circuit. Manometer‑based methods 
comprise a column of liquid in a tube whose ends are 
exposed to different pressures. The fluid flows from the 
higher‑pressure end to the lower‑pressure end and can be 
visually perceived and measured using calibration on the 
tube. It can also be equipped with an image processing 
system to be machine-readable. Figure 1 shows the typical 
applications of pressure sensors based on the principles 
discussed.

CHARACTERIZATIONS OF 
CONTINUOUS IOP MONITORING 
SENSORS

As is implied by the name, a continuous IOP monitoring 
sensor should continuously measure and record 
pressure. Suitable solutions include wearable or 
implantable IOP sensors placed in a specific region of 
the eye. While wearable sensors are safer and easier to 

Figure  1. Manometer‑based sensor integrated into an 
implantable lens  (a), Capacitive sensor measuring IOP 
directly  (b), Resistive sensor on a contact lens  (c). IOP, 
intraocular pressure

c
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design, they cause tissue changes and are less accurate, 
as they measure pressure indirectly. Implantable 
sensors are more accurate but require a surgical 
procedure, which is constrained by sensor size and 
biocompatibility. In addition, the in vivo environment 
has bioengineering challenges that must be considered 
before the development of such a sensor. The required 
code of conduct for the development of implantable 
IOP monitoring has higher restrictions for the eye. 
Clinically, a suitable implantable pressure sensor should 
ensure pressure measurement for a long period of time 
with minimum discomfort to the patient.[25] Engineers 
consider precision, power consumption, calibration, 
sensitivity, resolution, and maintenance of the sensor. 
From both medical and engineering perspectives, there 
are several other concerns of great importance, such as 
biocompatibility, patient safety, size restrictions, and 
clear vision. These devices should be biocompatible 
and not incite an immune reaction inside the eye.[26] A 
potential solution is the use of biocompatible materials 
that have proven safe for intraocular use.

A suitable force sensor for IOP monitoring should be 
small enough to be implantable in a specified section of 
the eye without inducing vision loss. Smaller sensors can 
be implanted more easily and have a lower risk of tissue 
damage. Although IOP sensors can be placed on the 
cornea, sclera, and other locations, the anterior chamber 
has the benefit of pressure measurement independent of 
globe biomechanical properties, and the accuracy of the 
measurement is not affected by previously performed 
eye operations such as keratoplasty and keratoprosthesis. 
However, implants placed in the vitreous cavity have 
a higher risk of infection, retinal detachment, and 
encapsulating fibrosis.[27] The available space for placement 
of an intraocular implant in the anterior chamber is a 
cylinder with an axial length of 3–4 mm[28] and an average 
width of 12.5  mm,[29] which must be used effectively. 
The mean corneal thickness is 520 μm at the center and 
progressively increases toward the periphery.[30] The 
pressure range and resolution are also crucial for pressure 
measurement, and the implantable pressure sensor must 
cover the possible range of eye pressure for various 
circumstances with good resolution and precision. The 
required resolution for IOP monitoring that is clinically 
relevant is 2 mmHg.[31] The IOP normally fluctuates by 
approximately 4–6 mmHg throughout the day, and may 
be as high as 15 mmHg in glaucomatous eyes.[32]

Other important aspects are repeatability, drift, and 
long‑term accuracy, and the sensor response must be 
stable over a long period of time. Another aspect is the 
frequency response of the sensor, which is important 
due to the dynamic behavior of the IOP. In this regard, 
the designed sensor should cover the required frequency 
response compatible with eye pressure dynamics. It 
has been reported that the bandwidth of the IOP sensor 
should be 0–30 Hz.[33]

An important quality of the sensor is energy 
consumption which should be as efficient as possible. 
The method of power transmission is a major concern; 
wireless power transmission is an ultimate solution, 
as the sensor can be recharged wirelessly without 
any physical connection. The sensors may also utilize 
photovoltaic cells for long‑term power within this 
environment.[24] However, a data acquisition system 
powered by a battery is essential for continuous 
recording of IOP. The battery should be small enough 
for implantation using a minimally invasive procedure 
while having a sufficient lifetime.

Another issue is data recording, and the corresponding 
data acquisition method and telemetry. The sensor can be 
equipped with a wireless module to transmit data, or a 
suitable visualization method such as image processing 
could be used to obtain the measured pressure. 
Another concern regarding these devices is the induced 
current and voltage transmitted to the patient and heat 
generated in the body, or physical harm during any 
unexpected accident. Electronic circuits are prone to 
ionic contamination due to interaction with the warm, 
electrolytic components inside the eye.[34]

In addition, the implant should be easily retrievable 
in emergency cases,[35] and frequent movement of the 
eye must be considered to prevent possible tissue 
damage. Before clinical application of the sensor, the 
standard limits must also be respected and required risk 
management procedures must be employed.[36‑37]

UNDERLYING TECHNOLOGIES

Based on the nature of IOP, which is a hydraulic 
pressure, and the structure of the eye, both flexible 
component‑  and manometer‑based devices can be 
utilized for IOP measurement. Intraocular fluids can be 
manipulated in micron‑sized channels to measure IOP 
using a microfluidic system. These microchannels can be 
inserted into the eye as an artificial drainage system.[38] 
However, MEMS technology allows miniaturization of 
pressure sensors for IOP measurement. These unique 
characteristics of MEMS and microfluidic systems qualify 
these methods as a remarkable solution with medical 
applications.

MICROELECTROMECHANICAL 
SYSTEMS

MEMS technology enables the development of implantable 
micron‑sized sensors to monitor physiological parameters 
inside the human body. MEMS sensors are light, small, 
and consume low amounts of energy, which makes them 
ideal for implantation.[25] They have flexibility in choosing 
pressure response ranges, bandwidth, sensitivity, and 
economic costs.[39] MEMS sensors encompass resistive, 
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properties. It requires a power source and a data‑logging 
circuit, resulting in a bulky sensor set.[20] However, it is 
noninvasive and facilitates telemetry. Figure 3 shows a 
resistive contact lens IOP sensor.

Although the above‑mentioned methods are prevalent, 
several other approaches, such as piezoresistive and 
optical sensors, have also been investigated.

MICROFLUIDICS

Microfluidics is the science and technological application 
of the manipulation and processing of small amounts of 
fluids in microchannels.[40] Applications of microfluidics 
include cell separation and sorting. An early application 
of microfluidics inside the eye is IOP measurement using 
the manometer principle, which has been successfully 
tested in a rabbit model.[15] A representation of this type 
of sensor is shown in Figure 4.

The sensor includes a gas chamber connected to a 
microchannel filled with a colored liquid. The other 
end of the channel is connected to the anterior chamber. 
If the IOP increases, the fluid transfers through the 
microchannel. Therefore, the IOP can be evaluated by 
measuring fluid displacement. The measuring device 
can be a mobile camera and a corresponding mobile app 
used by the patient. A Bourdon tube has also been used 
for IOP measurement; the tube was implanted without 
sutures through the cornea and secured on the iris. This 
sensor measured IOP based on the degree of deformation 
of compliant spiral‑tube structures.[41]

COMPARISON OF MEMS AND 
MICROFLUIDIC SENSORS

Most IOP sensors are based on MEMS technology. 
However, several microfluidics‑based systems have also 

capacitive, piezoelectric, piezoresistive, electromagnetic, 
and optical characteristics used in miniature sensors. The 
sensor can be passive or active based on power harvesting, 
and the output data of the sensor can be logged, or can 
be accessed on demand. Due to their ability to provide 
wireless and on‑demand readouts using a resonant circuit, 
capacitive sensors have been the focus of substantial 
attention for IOP measurement. However, as resistive and 
piezoresistive sensors require an electric circuit to read 
pressure and are coupled to a logging device to save the 
pressure information, they are bulky.

MEMS sensors can also be classified as invasive or 
noninvasive. Noninvasive sensors have the advantages 
of easy placement and removal on the surface of the eye 
and less foreign body reaction, but they are not able to 
monitor the absolute IOP due to differences in corneal 
thickness. While invasive methods provide absolute IOP 
measurement, they require surgical implantation. Most 
implantable IOP sensors measure pressure variation 
using capacitance changes caused by pressure acting on 
a miniaturized capacitive‑sensing chamber. It includes 
an electric circuit that enables a wireless pressure 
readout through the resonance frequency of an RLC 
[a resistor (R), an inductor (L), and a capacitor (C)] circuit, 
which is affected by the pressure change. The circuit can 
be integrated into the sclera, while the capacitive MEMS 
sensor is placed into the anterior chamber, providing a 
compact size system with no vision loss. A suitable wireless 
system for this application should provide a precise data 
readout without any contact with the eye. The working 
principle of a capacitive IOP sensor is depicted in Figure 2.

Another approach for the development of IOP sensors 
is to use strain gauge sensors. This type of sensor may be 
integrated into contact lenses to measure variations in 
eyeball curvature due to IOP. In this method, pressure 
sensing is affected by corneal thickness and mechanical 

Figure 2. A three‑dimensional model of the eye showing an 
implantable capacitive IOP sensor integrated into the anterior 
chamber; the antenna of the sensor is placed in the sclera. 
IOP, intraocular pressure

Figure 3. Diagram of a contact lens IOP sensor that includes a 
strain gauge sensor placed circumferentially, an antenna for 
telemetry and wireless powering, and a microprocessor. IOP, 
intraocular pressure
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been developed. MEMS‑based sensors require an external 
power supply, which increases the complexity of the 
design to include a wireless or battery power supply and 
a mechanism to read or record the IOP data. However, 
microfluidics‑based devices require no power and work 
using the pressure itself, and the IOP readout can be easily 
obtained. These devices have a low production cost. The 
ability of microfluidics to manipulate small volumes of 
fluids is unique, as it could be used to actively reduce 
the IOP in cases of fluctuation.[38] A brief overview of 
the ongoing research into continuous IOP monitoring 
systems is presented in Table 1.

PERSPECTIVE TRENDS

All of the topics discussed here are related to the 
diagnosis of glaucoma using MEMS and microfluidics 
technology. The future demand will be for a miniaturized 
system for both the measurement and treatment of 
glaucoma using MEMS and microfluidics. Such a system 
could be a passive artificial drainage mechanism that 
regulates intraocular pressure. The unique capabilities 
of microfluidics systems to manipulate small volumes 
of fluid along with miniaturized MEMS fabrication 
methods provide a reliable solution for a new generation 
of implants. Ongoing research in this field is in its 
infancy, but the advantages are promising. In the near 

future, an implantable lens embedded with an artificial 
drainage system may be developed which addresses 
both glaucoma and cataracts without manipulation of 
the conjunctiva, to treat glaucoma.
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