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Abstract - With the increased global population, it is more important than ever to expand accessibility
to affordable personalized healthcare. In that context, a seamless integration of microfluidic
technology for bioanalysis and drug delivery and complementary metal oxide semiconductor
(CMOS) technology enabled data management circuitry is critical. Therefore, in this comprehensive
review we report on fundamentals, integration aspects and applications of CMOS enabled
microfluidic systems for affordable personalized healthcare systems. Critical components, like
sensors, actuators, and their fabrication and packaging, are discussed and reviewed in detail. With the
emergence of Internet of Things and upcoming Internet of Everything for a people-process-datadevice connected world, now is the time to take the CMOS enabled microfluidics technology to as
many people, as possible. Therefore, we see the timeliness of this review where we conclude
enormous potential for microfluidic technologies in affordable healthcare for everyone, and CMOS
technology will play a major role in making that happen.
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1.

Introduction
Microfluidic systems have the ability to scale down the components of analysis systems and

manipulate small amounts of fluids, even less than a picoliter[1].Some beneficial characteristics of
microfluidic systems are the efficient consumption of reagents, use of low-cost materials and
fabrication methods, high sensitivity and resolution, short analysis times, and multiplexing of
processes.[2, 3, 4] By integrating microfluidic systems with sensors, actuators, and interface circuitry
to develop Lab-On-a-Chip (LOC) technologies, complex sample analysis and informative diagnostics
tests can be carried out on an easy-to-use chip acting as a portable laboratory at the point of care
(POC).[4, 6, 7] Hybrid technologies are used to incorporate additional parts, such as syringe pumps,
control valves, and microscopes, which not only increase the complexity and cost of the system but
also create a dependence of the system on a laboratory-based environment. Technology has now
advanced so much that there are fully integrated sample-in-results-out chips for genetic analysis,[8]
sensors that can detect a handful of molecules,10 and many other similar systems.[9] Complementary
metal-oxide-semiconductor (CMOS) integrated LOC systems can be developed using CMOS
technologies as sensors, signal conditioner, data processing circuitry, actuators, and wireless
communication capabilities.[10-17]. CMOS is a set of micro and nanofabrication processes, which is
used to manufacture semiconductor chips present inside computer, smartphone or any electronic
gadgets. Consequently, these chips are referred to as CMOS enabled or, CMOS based chips. CMOS
based chips can act as a processors, memory, and digital logic circuitry for data management. In this
review, we will discuss how CMOS based devices have enabled both management of data from
microfluidic devices as well as sensors and actuators to help complement the functionality of LOC
devices. CMOS logics are simple to make, and consume little to no current in idle state. With the
advancements in Moore’s law we have seen the size of CMOS devices getting smaller and smaller
allowing for more functionality to fit in a smaller area.[18]
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CMOS plays a significant role in the realisation of portable and versatile microfluidic
platforms by integrating them with microscale sensors, interfaces, and actuators to form autonomous
hybrid systems.[10, 12, 16] Adding interface electronics to the same CMOS chip as sensors, actuators,
data processing, and communication capabilities creates a universal platform for LOC technologies.
Having signal amplification and noise removal right at the sensor interface without any signal loss
makes the device output more accurate and sensitive, and also removes parasitic and mismatch
errors.[1] By using CMOS-compatible processes, it is possible to interface directly with the readout
circuitry to form an integrated circuit system on a single chip. Signal acquisition from a large array
of sensors to a single system requires a complex integration scheme, but CMOS microfabrication
processes enable the integration of analogue multiplexers with biosensors on small dice.[19] CMOS
also has the capability to actuate pumps and valves in microfluidic devices or to directly influence
the fluid itself using electric and magnetic forces, thereby replacing the bulky pressure-driven positive
displacement pumps.[20-23] CMOS technologies have the ability to fabricate such actuators and
corresponding control circuitry on a single chip. Smartphones are also powerful tools for
complementing and empowering the capabilities of hybrid CMOS-microfluidic systems, especially
with their imaging, computation, and communication capabilities. Most smartphone cameras
constitute CMOS-based image sensors. Smartphones’ imaging and processing abilities can be used
to carry out the complex analysis of blood or other bodily fluids and body parts.[24, 25, 26]
CMOS technology allows the ultra-large-scale integration (ULSI) of high-performance
electronics in a reliable and cost-effective way. However, their implementation has been on rigid and
bulky thin-film-based materials with limited application areas. Recent developments in free-form
CMOS electronics[27, 28] brings new possibilities in microfluidic systems. Instead of using today’s
uniformly shaped and rigidly structured CMOS electronics, the integration of free-form CMOS with
microfluidic devices could completely revolutionise both LOC diagnostics and wearable or
implantable healthcare devices. There has been an ever increasing trend in research being conducted
on CMOS based microfluidics since the early nineties because researchers relies that most LOC
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devices need an on chip integration with CMOS in order to be able to fulfill their real promise of
performing portable devices performing laboratory tasks outside the bounds of a laboratory. Figure
1a shows the trends in publications on microfluidics devices incorporating CMOS based devices.
However, there has not been an extensive review to acknowledge the efforts of scientists in this field
and emphasize the importance of advancements in CMOS that made possible the vision of LOC
device based Point of Care diagnostics and treatment. Back in 1999, Angela et al. how CMOS based
actuators and sensors are being used with LOC devices discussing electrically driven actuators, flow
sensors and micropumps.[29] We have come a long way since then and a plethora of sensors, and
actuators have emerged. Sawan et al. reviewed CMOS/Microfluidics devices in 2010, albeit with a
focus confined towards Cell Based Diagnostic Tools.[30] Most recently, Yehya et al. discussed some
applications of CMOS based microfluidics systems, a few packaging techniques and challenges
arising from CMOS integration.[31] However, the review largely focused on some of the applications
(PCR, flow cytometers and Dielectrophoresis architectures) without addressing the individual sensors
and actuators that constitute these architectures which have been made possible by CMOS integration.
In this article, we underwent a narrative review of microfluidic systems with a particular focus
on CMOS technologies. We conducted a comprehensive survey on research articles that incorporate
CMOS based devices to act as sensors, actuator, processors or signal conditioners in a microfluidic
device. A qualitative analyses of those articles that formulated a device/application employing a
CMOS based device with an application directed towards healthcare (or disease diagnostics) is hereby
presented. The need and working principle of such a device is discussed followed by a comparison
of different number of techniques being used by several researchers towards a similar application.
We categorically discuss the choice of materials, processes, and devices which are biocompatible,
effective, multifunctional, affordable, and manufacturable. We further discuss the integration
challenges associated with such devices and present a comprehensive review of packaging techniques
used to overcome those challenges. We also present our perspective on the challenges and future
trends for next-generation CMOS-microfluidic systems, which include flexible and stretchable
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integrated CMOS technologies and low-cost paper based unconventional LOC systems. We outline
the role of CMOS technologies and the factors that may affect their deployment in new directions for
microfluidic systems. Lastly, a number of CMOS based LOC applications and devices are shown that
have made a significant contribution towards an improvement in the clinical outcomes.

2.

Microfluidic Systems
A microfluidic system is composed of channels, valves, chambers, mixers, and sorters

working together in harmony to perform a complex set of tasks, predominantly focusing on biological
and healthcare applications.[32] Generally, a microfluidic device performs following functions: (i)
mechanism for sample introduction and translation through the device, (ii) mixing and chemical
reactions on the sample, (iii) and analyses of results obtained. Microfluidic devices are continuousflow devices, which require a mechanism to transport fluids across the channels. Fluid transport in
microchannels is mainly carried out by electrokinetic flow, or pressure-driven flow.[33] Microfluidic
devices have benefited greatly from the fact that laminar flow, rather than inertia, dictates fluid
behavior at this scale. Whenever two fluids flowing in separate microchannels merge into one
microchannel, they keep flowing separately due to the dominance of laminar flow, unless a turbulence
is caused by the introduction of certain physical microstructures inside the channels, called mixers.[2]
These turbulent mixers can be either passive or active Mixing is an important aspect of the chemical
processes that most microfluidic devices are intended for. Efficient mixing determines the selectivity
and rate of a reaction, crucial elements for microfluidic systems.[34]
The most prominent feature of a microfluidic system is its ability to analyze and manipulate
just microliters of fluids in channels ranging from 10 to 100 µm in diameter.[2] The valves and pumps
embedded in microfluidic devices allow an accurate transfer of fluid volumes down to the nanoliter
through device microchannels.[35] Handling microliter samples brings the benefits of small thermal
mass, efficient mass transport, and large surface area-to-volume ratios, together with the ability to
perform rapid analyses, leading to enhanced throughput rates and sensitivity. Further advantages of
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scaling down include: (i) easier heat transfer in microchannels which leads to faster reactions, (ii)
reduced analysis costs, where the cost of fabrication is comparatively low while maintaining
manufacturability at large scale, and (iii) the ability to make portable POC devices.[2, 32, 35]

Fabrication Materials and Processes
Microfluidic devices rely on the development of simple, reproducible, and mature soft
lithography fabrication techniques. Easy-to-use soft lithography-based fabrication procedures are
employed to make both polydimethylsiloxanes (PDMS) based microfluidic devices and in line
pneumatically activated valves, mixers, and pumps. CMOS-based microfabrication methods, like
photolithography, have only been limited to making molds of photoresists for casting of polymer
based microfluidic devices[36]. However, for applications that demand thermal and chemical stability,
microfabrication technologies involving silica and glass are re-emerging as possible candidates.[2]
Before the advent of polymers, silicon and glass were the main materials used in microfluidic
device fabrication. With time, both faded away as they require complicated, time-consuming, and
costly microfabrication methods. Since then, polymers have been the preferred choice owing to their
biocompatibility and resistivity to chemicals.[37] Some of the conventional polymeric materials being
used today in microfluidics are thermosets (unlike thermoplastics, these materials cannot be remolded
by heating) like SU-8, thermoplastic materials like polymethyl methacrylate, and elastomers such as
PDMS.[38] Among these polymers, PDMS is the most widely used. Its optical transparency enables
optical-based detection techniques, while compatibility with rapid-prototyping has kept the
manufacturing costs low.[37] Some of the standard fabrication methods used for polymer-based
devices are soft photolithography,[39] stereolithography,[40] X-ray lithography,[40] rapid prototyping
(microtransfer),[39]

replica

moulding

(micromolding),[39]

microinjection

moulding,[41]

hot

embossing,[42] photoablation,[43] micro-milling,[44] thermoforming of foils,[44] and LIGA (German
acronym for Lithographie, Galvanoformung, Abformung)[45]. Dry etching[46] and wet etching[47] are
mainly used for silica and glass. Using soft lithography as an example, which entails some
photolithographic microfabrication methods, gold electrodes are deposited on a polymer following
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the typical process sequence of mask formation, design patterning through a UV exposure lithography
step, photoresist development, gold deposition, and lift-off.[37]
Though soft lithography provides accuracy, simplicity, and large-scale production capability,
three-dimensional (3D) printing has recently attracted attention in the fabrication of modular and lowcost 3D printed microfluidic devices,[48] further empowering the notion of “plug-and-play”
microfluidics.[49] The capabilities and accuracies of 3D printers are constantly improving; the first
commercial 3D printer specifically designed for creating sealed microfluidic devices is currently on
the market.[50] Different methods of 3D printing include extrusion printing, stereolithography
(SLA),[51] material, polymer, and binder jetting, laser sintering, and laser or e-beam melting.[52] SLA
3D printing uses UV light to cure photoactive polymers (such as resins) in the desired pattern,
whereas jetting techniques involve the deposition of photoactive, wax-like, or liquid materials on top
of a portable building platform using inkjet printing heads. In sintering, a laser is used to melt and
coat layers of plastic powder one on top of another. Melting-based printing techniques follow the
same process as sintering, except that a metal powder is used instead of plastic.[52] 3D printing is
being further explored in resins with properties similar to PDMS, and will soon dominate the
fabrication of microfluidic devices due to its high throughput, assembly-free, and low-cost procedures.

Lab-On-a-Chip (LOC) Systems
LOC describes a microfluidic device providing a one-chip solution to performing
sophisticated analyses that usually require a laboratory. In addition to microchannels, LOC devices
need sensors, actuators, and an electronic interface to form a completely automated diagnostic system.
Higher yields are achieved by automating and performing laboratory functions on small volumes of
liquid in a centimeter-sized chip. Integrated mixers enable controlled separation and mixing not only
helps in disease diagnosis, but possible treatment of diseases.
LOC devices use minuscule amounts of fluid for enhanced sensitivity and lower processing
times than procedures undergone in laboratories. Various approaches to fabricating LOC devices
have been tried, as discussed in the previous section, such as integrating the necessary parts of the
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system on robust and rigid platforms, e.g., glass, silica, and polymers. Elastomers are being
investigated intensively for use in microfluidic systems. PDMS specifically is the most commonly
used material in the creation of LOC devices, due to its compatibility with the lithography, etching,
and deposition processes, hence facilitating the design and integration of micropumps and
microvalves for fluid translocation across microfluidic channels. In addition, since PDMS is
transparent, this further enables the use of imaging techniques for particle analysis and
characterization. However, PDMS is mainly limited to prototyping, as it is prone to ageing effects
that can cause problems in the consistent functionality and durability of microfluidic devices. To date,
one direct competitor to PDMS is thermosetting polymers, which, despite sharing the same appealing
physical characteristics as PDMS, are a more expensive alternative.

3.

Role of CMOS in Microfluidics
Microfluidic devices need to be integrated with electronics to make sense of the data provided

by the sensors and must be able to use that data in an efficient manner. As seen from the previous
sections, microfluidic channels need desktop-sized actuators, like syringe pumps, to regulate the fluid
flow, and acquired results from such devices need to be interpreted by external cameras and data
processing platforms.
Bringing together electronics, microelectromechanical systems (MEMS), and microfluidics
into one functional system can disrupt the area of personalised medicine and portable sensing.[53] A
smart hybrid microfluidic system is composed of (i) sensors to detect the desired phenomenon, (ii)
actuators to introduce and translate fluids, (iii) microstructures to combine and mix fluids, (iv) filters
for purification and separation, and (v) interface electronics to interpret and carry out certain actions
based on the acquired data from sensors. These components together form a complex microsystem
incorporating mechanical, fluidic, and electronic functions.[7] CMOS-based microfluidic platforms
bring together the best of these multiple disciplines to create a unified single-chip platform capable
of performing complex biomedical tasks. CMOS has played an integral part in the realisation of
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portable and versatile microfluidic platforms. As it will be seen in the following sections, a
tremendous amount of work has been done to integrate microscale sensors, interfaces, and actuators
with microfluidic devices using CMOS technology. Several sensors and actuators based on optical,
electrochemical, electrical, and magnetic principles have been made using CMOS technology.[10]
Figure 1b shows an illustration of how different CMOS based technologies can be envisioned to
perform multiple functions in a single chip platform capable of performing Point of Care diagnsotics.
Integrated circuits (ICs), made by interfacing CMOS technology with microfluidic devices,
form what we call a hybrid system. Sensors may be embedded inside the ICs, while actuators can be
controlled by producing electronic or magnetic fields for controlling the movement of objects inside
the microfluidic channels. Furthermore, by adding interface electronics on the same CMOS chip, we
can build a universal platform for LOC devices. The use of such ICs provides flexibility for making
changes or optimizing microfluidic systems without having to alter the physical structure of the
device.[11] The beauty of CMOS is that, in a chip much smaller than most microfluidic devices, it can
make high-resolution measurements and support large arrays of sensors.[54] CMOS has also shown
potential for implementation in applications involving high voltage generation and switching of a
high voltage CMOS chip, which allows system miniaturization of the cumbersome high voltage
equipment needed for genetic analysis.[55]
Impedance measurement techniques are essential for the realization of microfluidic POC
diagnostic devices. Developments in CMOS technology have enabled the fabrication of miniaturized
impedimetric circuits for the simple, miniaturized, and sensitive detection of genomic signals via a
CMOS-based microfluidic device.[56] These advancements in the field of physical and chemicalbased sensors have been able to bridge the gap between the electronic and non-electronic worlds. The
next step is to merge microelectronics and micromechanics with microfluidics to build systems
capable of not only sensing data but also of performing signal processing, to realize products that can
make a difference.[57] Widespread adaptation of CMOS devices in electronics has been for many
reason, but as with every technology, CMOS comes with some inherent disadvantages, Table 1
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discusses some of the advantages and disadvantages of CMOS over the competitive Bipolar Junction
Transistor based devices. Despite some of its disadvantages, lower power consumption, large packing
density, larger operating voltages and temperatures have made CMOS the preferred choice over any
other technology. The focus of this review paper is how CMOS technology has been and can be
further merged into microfluidic systems as (i) sensors, (ii) actuators, or as (iii) interface circuitry.
Some prominent works and their applications are discussed in the following sections. Figure 2a shows
a flow chart summary of the upcoming discussion on the role of CMOS in microfluidic devices.

3.1

CMOS Enabled Sensors
Up until the advent of CMOS, optical sensors have been the main source of sensing, of which,

microscope and camera-based sensing have been predominant. After a sample is introduced into the
channel and passes through several processes in a microfluidic device, it is a common practice that it
is then studied under an off-chip optical microscope to make observations and draw conclusions.[2]
Another technique is using fluorescence imaging to highlight required parameters in a processed
sample and then gather the results using image processing.[35] These methods require equipment that
are expensive and bulky, thus reducing application of such systems as POC devices. The only advance
in this regard has been the use of smartphone cameras to observe results on the go, which is still a
rudimentary technique by modern standards.
CMOS microfabrication techniques brought a revolution to the world of microfluidics. Hybrid
microfluidic systems with integrated sensors are being implemented in most LOC systems which
have helped in achieving the desired traits of portability and result accuracy for Point of Care devices.
The most significant contribution of CMOS in regards to sensing has come from capacitive and image
sensors, which will be discussed in the subsequent subsections, along with various other examples of
CMOS-based sensors used in microfluidic devices.

Capacitive Sensors
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To realize automated microfluidic devices that can carry out liquid sensing and handling,
integrated capacitive sensors are needed to determine volume, droplet position, composition, and
mass change for volumes in the nanoliter range.[20] For any LOC device, there are two elements of a
CMOS capacitive sensor: a sensing layer that can detect capacitance changes in response to variation
in certain characteristics of the subject under consideration (e.g., biological quantities), and an onchip capacitive sensor to measure these capacitance changes.[58]
Ebrahim et al. and Guiducci et al. have presented several works on DNA synthesis using
charge-based capacitive sensors featuring capacitance-to-current transduction.[1, 58-61] A voltage pulse
was injected into the sensor while measuring the current that was required to charge the unknown
capacitance. The current needed for charging corresponded to the value of unknown capacitance. The
capacitive sensors were coated with a functionalized layer to immobilize the denatured DNA
molecules. The changes in capacitance corresponded to the extent hybridization of the DNA on top
of the capacitive sensor.[59] One such CMOS-based microfluidic device for DNA synthesis can be
seen in Figure 3a.[1] A syringe is used to inject fluid into the device, and the sensors direct the
capacitance changes to a CMOS-based onboard interface for result interpretation. In another study,
Aldo et al. demonstrated another CMOS-based capacitive 320 x 320 sensor array chip for particle
detection, fabricated in a 0.35 µm standard CMOS process.[62] A similar charge injection technique
was used to detect capacitance variations, which correlate to changes in the dielectric permittivity
after the introduction of bio-particles above the electrodes. The same array was also used to move
particles along the array for multiple particle detections. Such large microelectrode arrays are laid out
on a substrate, and each pixel is then controlled using row/column decoders.[62],[63] The image of one
such a chip can be seen in Figure 3b.[62],[63] Furthermore, Yingchieh et al. demonstrated a
microelectrode cell array of microfabricated capacitors that can both actuate a droplet and sense the
position of a droplet on the array by employing a real-time feedback control loop to ensure the
droplets are moving in the preset fashion.[63] Jian et al. demonstrated another capability of CMOSfabricated capacitive sensors for sensing a droplet’s volume and position. Using feedback from an
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equally spaced array of electrodes passivated by an 800 nm layer of SiO2, they were able to detect
the position of a droplet by reading capacitive signals from the linear array of electrodes. Plus, if the
shape of a droplet is known beforehand, the absolute capacitance value can be used to determine the
volume of the droplet. The fast time response of 10 ms can be utilized to instantly measure the rate
of mass loss due to evaporating droplets.[20] As discussed before, performing synthesis on droplets
enhances speed and sensitivity of tests, thus these devices can be employed to perform tests on a mere
blood or urine drop for various disease detection depending upon the particle concentrations.
Monitoring the health of cells is vital to biologists. However, the conventional way of
monitoring individual cells under a microscope is a cumbersome process costing time and money.
Cell impedance is a good measure of monitoring cell health and growth. CMOS-based sensors have
shown potential in observing cell characteristics in a much faster and automated fashion. Welch et al.
have demonstrated the use of capacitive sensor to monitor cell growth with an on-board cell culture[64].
Such devices can enable biologist to monitor cell growth in real time while the cell culture is running.
A feat this like was not thought of as monitoring cell growth requires long hours of sitting under a
microscope in a lab setup. Somashker et al. used capacitive sensors to detect cell viability. A
capacitive biosensor, fabricated with 0.5 µm 2-poly 3-metal CMOS technology, was injected with
low strength, low-frequency electric fields in a solution containing living cells.[65] The array of
biosensors and the packaged version of the chip can be seen in Figure 3c. The cells act as insulators
and develop dipoles on their membranes. Healthy cells can endure electric dipoles better than weak
cells; thus, the obtained value of capacitance is larger for healthy cells. In this case, the capacitance
correlates to cell health as it is contingent upon cell morphology, membrane integrity, and
extracellular ionic concentration. Such tools can be useful for biocompatibility characterization and
medical diagnosis.
Scientists have developed ways of observing certain bio-organisms, like viruses or bacteria,
from a diverse population of organisms using functionalized surfaces. Specific organisms get attached
to these functionalized biosensor surfaces which open up an opportunity for large-scale automated
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detection using capacitive sensors. Anupama et al. used a CMOS-based IC platform with embedded
capacitive sensors for virus detection using a dummy and a sensing capacitor. The dummy capacitor
is used as a reference to find the absolute value of capacitance from the sensing capacitor. An onboard
amplifier compared the end values of capacitance to detect the presence of the virus. The virus is first
immobilised using an antibody on a silicon wafer[66]. Detection of such a minute quantity of
biomaterial (viruses range in size from 20-400 nm in diameter) was only made possible by using
extremely small silicon-based CMOS sensors. Such microfluidic devices have been seen to detect
viruses among millions of blood constituent particles.

Image Sensors
CMOS-based image sensors are slowly taking over the world of imaging, eliminating the need
for charge-coupled devices (CCD). The small size and low power consumption while producing
higher quality images have been the main drivers of CMOS image sensors’ success. Each pixel in a
CMOS image sensor contains a photodetector and an amplifier, interfaced with an analogue-to-digital
converter. CMOS sensors have a faster and more uniform response, and the ability to be fabricated
through CMOS processes keeps the price low and allows easier integration with on-chip read-out
circuitry.
We are seeing a growing popularity of incorporating CMOS imagers into microfluidic devices.
In the years following 2010 tens of research papers are seen on CMOS integrated microfluidic devices.
Gmoez et al. started with modelling CMOS active sensor that can help in their integration into a
microfluidic device[67]. CMOS image sensors are used to plot light spectrums and capture still images.
Bieke et al. used CMOS-based single-photon counting optical sensors to detect trapped particles in
flow cells. The microfluidic channels moved the analyte towards the CMOS optical sensors. They
were able to combine an 8 x 8 array of photodiodes (500 x 500 µm2), temperature sensors, and a
digital interface on a single platform covering an area of 4.3 mm2. Normalized luminescence data
from all the samples were created by the interface and saved directly on a USB, ready to be read on
a computer.[68] Jung et al. demonstrated a microfluidic integrated image sensor (MFIIS) chip to enable
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real-time image generation of a sample in the microfluidic chamber of an ePetri (self-imaging Petri
dish) platform.[69] They built this system on a commercially available CMOS image sensor by
bonding a microfluidic layer to the top of a CMOS image sensor. This device was used for drug tests
and cell monitoring applications. Similarly, Ritu et al, Misawa et al. and Rodrigues et al. have shown
to use chemiluminescence and fluorescence based CMOS imaging system for that can potentially be
used for more efficient and reliable detection of bio-particles[70-72].[70].[71].
Another hybrid CMOS-microfluidic contact image system was demonstrated by Ritu et al.
They took advantage of the 0.35 µm CMOS technology to fabricate image sensors, and placed them
directly underneath microfluidic channels to increase the sensitivity of the system to microlitre
volumes of samples. The 128 x 64 pixel array was integrated with double sampling amplifiers, and
readout circuits on the same chip to form a direct-contact, high spatial resolution luminescence-based
optical sensing of chemical analytes[73]. Demircan et al. integrated the CMOS image sensors with
microfluidic dielectrophoresis (DEP) channels. A 0.35 µm CMOS process was used to fashion a 15
µm x 15 µm active area pixel. Each of the pixels in an array of 32 x 32 pixels was then interfaced
with reset, buffer, and row switch transistors on the same silicon substrate. The sensor was able to
complete cell imaging at high multiplexing rates up to 400 kHz.[74] An illustration of the system is
shown in Figure 4a-c. All of these works complement LOC devices, which require high-speed realtime monitoring of bio-particles.
DNA synthesis was a milestone, and now we see portable DNA analysis systems thanks to
progress in CMOS-based microfluidics technologies. CMOS-based sensors and actuators make it
possible to take a single DNA strand, amplify it using microheaters, and analyze it with CMO-based
image sensors. Haig et al. embedded their CMOS-based LOC device with on-chip with single-photon
avalanche diodes (SPADs) for fluorescent-image-based monitoring of an ongoing polymerase chain
reaction (PCR).[12] Gordon et al. used a single CMOS chip for not only fluorescent-based image
detection but also for high voltage generation.[75] While DNA synthesis is performed off-chip, we
have seen from previously mentioned works[1, 58-60] that DNA synthesis can be performed on the same
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chip to produce a cheap, hand-held one-chip DNA synthesis platform. Helmy et al. presented a system
on a chip (SoC), fabricated in a 0.18 µm CMOS process, that was fashioned into an LOC capable of
sequencing DNA and determining intercellular ATP and gene assays. The SoC was loaded with an 8
x 16 CMOS image sensor array, 13 bit ADC, and column level DSP.[76]
Microscopes have been used by scientists for ages to observe micro-organisms. Their
operation is time-consuming, and they are bulky, which hinders their use in portable devices. Shuo
et al. and Lange et al. devised a CMOS-based on-chip microfluidic microscope by modifying the
design of each pixel to achieve a much higher resolution.[77, 78] They created small circular apertures
of 1 µm on top of each pixel and shone a light on them from the other end. Line traces were created
by each pixel as the specimen moved between the CMOS image sensor and the light source.
Combining the line traces from each pixel produced an image with a resolution comparable to the
aperture size (e.g., 1 µm).[79] The results were comparable to images obtained otherwise from a
traditional microscope. The cross sectional view and functionality of the device, and final results are
shown in Figure 4d-f.[77, 78, 80] The specimen was moved inside the microfluidic channel using gravity
while CMOS image sensors captured RGB images to obtain a final colored image. Wang et al. and
Yan et al. further demonstrated high (4X) resolution and lensless imaging system using CMOS image
sensors that are able to detect smaller fast moving bioparticles flowing in a microfluidic channel by
achieving a resolution of as much as 0.25 um at a frame rate of 1750-6000 frames/sec[81, 82].[81].
Smartphones can enhance the functionality of POC devices as they provide voltages up to 5
V that can be used to drive actuators, valves, or any external hardware.[83] Laksanasopin et al. made
a cheap smartphone accessory for syphilis detection that was able to perform all the actions required
in a laboratory-based enzyme-linked immunosorbent assay (ELISA).[25] Smartphones are loaded with
various sensors that can be used in health-related monitoring applications, especially the camera,
which makes use of CMOS-based image sensors.[26] Smartphones have the potential of advancing
hybrid CMOS-microfluidic systems where their superior imaging and processing capabilities can be
utilized to carry out complex analyses. Araci et al. demonstrated a splendid example of such a system,
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where a passive microfluidic intraocular pressure (IOP) sensing device was enclosed within the eye
socket for glaucoma diagnosis.[84] Changes in the IOP caused the movement of fluids within the
microfluidic chambers, which were captured and analyzed using a smartphone camera. Kong et al.
achieved a >13x magnification using a smartphone and an external lens together when monitoring
nucleic acid amplification using fluorescent analysis.[85] Generally, 96-well microplates are used in
real-time nucleic acid amplifications tests. Obtaining such a high magnification within a small height
of 10 cm enabled them to analyze an 18 cm2 area in one shot, by mapping the fluorescence signals
of 25 wells into a 10 mm wide optical fiber bundle. The fiber bundle was read by the smartphone
camera as one single image, thus reading the 25 wells simultaneously without the need for mechanical
scanning. Hu et al. have reviewed some portable healthcare platforms using smartphones for
cardiovascular disease monitoring.[86] Table 2 shows a summary of different characteristics of several
CMOS image sensor based microfluidic devices targeted towards healthcare based applications.

Biological and Chemical Sensors
Blood tests are usually carried out by bulky equipment available only in hospitals and
laboratories. Da-Han et al. recently presented a microfluidic device integrated with CMOS
polysilicon nanowire sensors for analyte detection and blood processing. Vortex flow is induced in
the microchannels of a micromachined PMMA (Polymethyl-methacrylate) based microfluidic device
to achieve uniform sample dilution. The CMOS polysilicon nanowires are interfaced with a pico
ammeter to form a label-free dynamic detection scheme without needing to contain the particles in a
chamber.[13]
CMOS enables us to integrate sensors in extremely small-sized areas, which can easily beat
the sensitivity and performance of commercially available sensors. Precise knowledge of sample
temperature is vital for many biological/chemical tests. Vittoriosi et al. compared the temperature
sensing performance of an integrated sensor microfabricated in silicon to a commercially available
thermopile. The differential transducers (thermopiles) and reference sensors (RTDs) were both
fabricated on silicon. The reference junction of thermopile was at the back side, while the sensing
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side was on a membrane sitting on top of the microfluidic channel, as shown in Figure 5a.[87] The
RTDs were also fabricated to measure the absolute temperature of the chip. After comparing their
results to commercial thermopiles, they concluded that IC-based sensors proved more sensitive with
a faster time response, albeit being fragile due to a large area of the chip.
Another category of sensors that is important to microfluidics in biological applications is pH
sensors. Paul et al presented a pH sensor fabricated using a commercial 0.6 µm process.[88] An ionsensitive field-effect transistor (ISFET) was coated with a pH-sensitive nitride passivation layer. The
sensors gave an output voltage according to the pH of the solution, as the threshold voltage of ISFET
was dependent upon the solution’s pH. Such sensors fabricated underneath a microchannel can
measure the pH of a flowing liquid. In a different study, a vertically stacked silicon nanowire and
ISFET biosensor with suspended microchannels, fabricated in a CMOS-compatible process on SOI
substrates, was created by Buitrago et al.[89] The miniscule dimensions of the sensors allowed the
handling of nanolitre-scale samples. PDMS with microfabricated channels delivered fluid to the
sensors. The sensing areas of the ISFET were exposed to make contact with incoming fluids. Both of
these works used ion-sensitive sensing devices, working under the assumption that charged molecules,
like DNA or proteins, change the gate potential of FET devices, which can be sensed, as explained
by Bergveld et al. and Stern et al.[90] Similarly, Welch et al. integrated ISFET based pH sensor, in
addition to capacitive sensors, to monitor the pH of a solution while a cell culture is in process.[64]
This provides biologist a deep insight on the condition that affect cell growth in real time. Similarly,
Cao et al. have also shown a combination of pH sensor and image sensor on a compact single platform
using low cost and scalable manufacturing methods[91]. Such devices bring us closer in making point
of care diagnostic devices.
Transistors are generally part of the interface with sensors. However, CMOS-based transistors
have also been used as sensors. Protein complex provide information about the nutritional status of a
cell. Dong et al. demonstrated the detection of streptavidin–biotin protein complexes using an
extended gate field effect transistor (EGFET)-based biosensor unified with a silicon microfluidic
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channel.[92] Gold was used as a functionalized layer to bind streptavidin. The reactions between biotin
and streptavidin were sensed by computing the flat band voltage shift. The length of biomolecules
formed as a result of these reactions. These interactions caused a decrease in the drain current of the
EGFET due to the capacitance effect. This sensor can be easily integrated into an LOC device for
real-time detection of various protein molecules.[92] Chang et al. invented a method to fabricate
microchannels capable of detecting flow rates without using a high temperature or high-voltage
process. Using aluminium electrodes at both ends of a microchannel, they were able detect a flow
rate as low as 9 pL/s.[93] By using CMOS-compatible processes to make the device, it can be easily
interfaced with readout electronics to form a single IC-SoC solution.
Chromatography is another important analytical process used in biological processes to
separate individual components in a gas/vapor mixture that can be used for environmental monitoring
and healthcare diagnostics. Going beyond the expensive and bulky chromatography equipment used
in labs, researchers have been able to make portable chromatography systems. Ward et al.
monolithically integrated CMOS baseline cancellation circuitry with nano-fabricated chemiresistor
array in a microfluidic chamber which was able to perform micro gas chromatography[94, 95].[94]. Yeo
et al. reviewed some of the applications of microfluidics in biomonitoring.[96] Integration of such
devices with CMOS can bring these devices in to the palm of everyone’s hand.

3.2

CMOS Enabled Actuators
As the CMOS industry keeps improving and maturing, we are able to integrate more and more

complex functionalities into a single chip. The small size and lower cost of IC can be made useful by
designing hybrid IC-microfluidic chips capable of handling biological and chemical applications.
Many works have shown the capability of CMOS to actuate pumps and valves in microfluidic devices
or actuate the fluid itself using electric and magnetic forces. These CMOS-based actuators will
replace the bulky pressure-driven positive displacement pumps, such as syringe pumps. One such
actuator is electro-osmotic flow (EOF). When electric potential is applied across a channel of ioncontaining fluid that has fixed charges on its surface, the fluid starts to flow in the microchannel.[2]
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Consequently, DEP actuators are used to manipulate bio-objects or fluids by applying an electric field
to a microelectrode array.[21] Some recent works on using CMOS as actuators will be discussed in the
following text.

Motion Actuators
Aldo et al. used a 320 x 320 capacitive sensor array not only for sensing but also as a DEPbased particle actuator. These DEP forces are generated by providing sinusoidal voltages to the metal
electrodes through CMOS transfer gates.[62] Da-Han et al. shaped an automatic real-time fluidic
control in a blood processing device using programmable microfabricated piezoelectric pumps that
mixed blood sample with PBS (Phosphate-buffered saline) [13]. Y. Huang et al. and Anran et al. have
shown the dual use of a microheater array of microfabricated capacitive electrodes to also act as
thermocapillary droplet-propulsion actuators.[20, 22] They were able to use thermal Marangoni force
induced by a thermal gradient in a fluidic channel with functionalized hydrophobic surface to actuate
droplets across the array.[22] Most electrophoresis actuators require high voltages applied across the
far ends of the actuator, thus making their integration into CMOS a bit of a challenge. Even though
some of the CMOS-based high voltage power generators will be discussed in the “Interface” section
coming next, Yi et al. showed a low-voltage-driven electrophoresis by driving electrode pairs with
lower DC voltages. They made a localized control of electrodes by sensing the location of droplets,
and only the electrodes around the droplets were locally controlled.[97] This shows the potential of
CMOS technologies to fabricate such actuators and consequently develop their control circuitry on a
single chip.
Yingchieh et al. demonstrated a micro-electrode cell array made in a 0.35 µm CMOS process
for droplet actuation. The microelectrode cell array (MECA) is analogous to a microfluidic channel,
thus forming a Lab-on-CMOS (LoCMOS) platform. The CMOS fabrication process kept the size
small while making it possible to connect the MECA with extended drain MOSFETS, which can
actuate droplets more smoothly at the higher 12 V electrical field. The MECA was able to perform
conventional microfluidic device tasks like moving, cutting, and mixing droplets, while being
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integrated with the actuation circuitry to produce a LoCMOS on a single chip, as shown in Figure
5b.[63] A hybrid IC-microfluidic chip made by David et al. employs DEP to manipulate living cells
and small liquid volumes, and magnetophoresis (MP) to manipulate objects tagged with magnetic
nanoparticles.[23] The device has a 30 x 38 µm2 array of 60 x 61 pixels fabricated in a CMOS high
voltage 0.6 µm process. Each DEP is interfaced with a temperature sensor, current drive, and SRAM
element. The SRAM elements control the delivery of an RF signal to each pixel.[23] An image and
schematic of the actuation and interface elements are shown in Figure 5c-d. Hakho et al. fabricated a
single IC using 0.18 µm TSMC process with both analog and digital circuits. The analog part drove
the microcoil array used for cell manipulation in the microfluidic channel while the digital part,
consisting of Field-Effect transistor and row/column decoders, performed the task of selecting each
coil and then controlling the current in the micro-coil. An image and schematic of the actuation and
interface elements are shown in Figure 5e-f.[11]
Yong et al. further demonstrated the motion actuation technique by attaching biocompatible
magnetic beads to biological cells and using a microcoil array in an IC to control the movement of
particles. The 5 x 2 mm2 CMOS chip was fabricated using TSMC 0.18 µm technology. The 8 x 8
microcoil array was controlled by row and column devices.[98] This technique provides the flexibility
of actuating any particle as long as it can be magnetically tagged.

Microheaters
Some of the most important applications of portable LOC systems, like PCR, require precise
temperature control while keeping the power consumption to minimum. This has been a challenge,
but Jose et al. invented a fast, low-power thermal control which permits millimetre-scaled thermally
independent regions.[99] The design was optimized for LOC devices that can be integrated with
standard CMOS processes. An aluminium layer stack on a silicon substrate driven by a customdesigned linear voltage-to-current convertor acted as the heater. These CMOS-based heaters are
extremely essential to portable DNA-testing devices which require precise temperature control. The
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magnetic tagging of particles and consequently actuating them with magnetic forces is another
common technique used in microfluidics.

3.3

CMOS Based Interface Circuitry
Sensors need an electronic interface to perform the function of handheld POC diagnostic

devices. These interfaces can not only provide on board processing for real time interpretation of
results but they also help in noise reduction and amplification which are an integral part of a sensing
system. Every sensor needs such signal conditioning circuits before the data can be interpreted by a
microprocessor. The integration of sensor and actuators with CMOS based interface circuitry have
contributed largely towards the proliferation of LOC devices being used in Point of Care Diagnostics.
In almost all the works discussed seen in previous sections, we see a seamless integration of CMOS
based actuator and sensors will on-board signal conditioning and processing circuits that allow for a
one chip CMOS die solution that can be employed in a microfluidic platform.

Data Processors
Complete SoCs merged with microfluidic systems are now being fabricated using CMOS
processes, allowing on-chip digital signal processing, which was previously being carried out by
bulky instrumentation modules and desktop PCs. Helmy et al. unified an SoC with a DNA-synthesis
microfluidic device. The SoC, along with image sensors, was equipped with digital signal processing
and analogue-to-digital converter modules, which allowed them to reduce noise by integrating onto
a single chip a low-noise differential, a high-resolution ADC, background subtraction, correlated
multiple sampling, and multiple digitization and averaging circuits.[76]
Portable biosensors require discretely assembled but often cumbersome analogue
multiplexers to maintain a stable and reliable signal acquisition from large arrays of sensors. Such
interface systems are quite difficult to incorporate into a singular system, but CMOS microfabrication
processes have enabled the integration of analogue multiplexers with FET-based biosensors in small
one-chip dies. Tetiana et al. built an analog multiplexer consisting of 96 analog transfer gates and 32
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shift registers with serial interface control pins for data acquisition from a SiNW (Silicon NanoWire)
FET-based biosensor, as shown in Figure 6a-b.[19] The system was found to deliver sensitive, accurate,
and fast measurements, where 32 integrated multiplexers had less than 10 nA leakage currents.[100]
CMOS helps realize portable systems for the study of membrane protein, which is currently limited
by the bulkiness of existing tools. These studies are essential for understanding the structure and
function of drug targets. Lin et al. devised a microsystem for membrane protein characterization on
high performance CMOS electro-chemical instrumentation circuits.[54] The electro-chemical
instrumentation interface enabled the simultaneous electro-chemical characterization of multiple
array sites in an automated fashion that required minimal user intervention.[54]

Actuator Controllers
As seen in Figure 5d and Figure 5f, actuators need CMOS based integrated digital and analog
interface circuitry to drive and control them.[11, 23] More complex control circuits are now being
investigated as the scale of CMOS keeps improving. Correia et al. demonstrated a full control unit of
seven piezoelectric actuators on a single IC chip. The control unit was completely fabricated in a 0.7
µm CMOS process. This pumping system could fully replace the conventional bulky syringe
pumping systems, and enable a portable one-chip LOC solution for the analysis of biochemical
markers in biological fluids. The interface circuitry delivered acoustic waves to the piezoelectric
transducer matrix, driven by power amplifiers to achieve fluid pumping, mixing, and heating.[101] The
whole system, featuring a control, shift register, scheduler, and an oscillator unit, was composed of
4555 MOSFETs with only 50-220 mA current consumption.[101] CMOS allows the flexibility of
developing an interface that can control various kinds of actuators. Microcoils are extensively used
for movement actuation. Inherent to their working principle is large power consumption and complex
control circuits for controlling the large number of microcoil arrays. Yong et al. demonstrated a lowpower control of a microcoil array by connecting all the coils to a common current source with a FET
switch.[98] This way, they were able to selectively control each microcoil using just one current source
with the help of row and column decoders.
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Noise Removal and Voltage Amplifiers
Nanopores have been used to analyse DNA and RNA molecules. Passing a strand of DNA or
RNA through these nanopores leads to different blocking levels, which can correspond to the
characteristics of individual nucleotides.[102] Nanopores are generally biological pores, but being
unstable and of fixed size, pose a challenge for CMOS-based microfluidic structures. As we move
towards nm-scale resolutions in CMOS, solid state nanopores are now being used for the investigation
of several phenomena associated with DNA and RNA proteins.[103] To sense the translocation of
individual DNA molecules, Jungsuk et al. fabricated a patch-clamp interface in a 0.35 µm CMOS
process. Tests were carried out on α-hemolysin nanopore with a 1.5 nm diameter. The microfabricated
patch-clamp system performed two functions: it amplified tiny ionic current variations as molecules
passed through a nanopore, and it nullified the effect of parasitic capacitances.[104] This system can
be combined with microfluidic devices for better DNA analysis.
As we have learned from the previous sections, capacitors are the most rudimentary and
widely used sensors in CMOS-based microfluidic systems. Control over such sensors has matured
and various techniques are being used to convert capacitance to voltage using CMOS-based electronic
interfaces. Aldo et al. embedded their sensor array with an on-board charge integrator for capacitance
detection and a readout circuit composed of an operational amplifier having common-mode
feedback.[62] These amplifiers are essential for signal amplification and noise removal as the direct
output from sensors is prone to noise, which can make the output indecipherable. Ebrahim et al.
integrated their capacitive sensing arrays with an on-chip readout circuit composed of an analogueto-digital converter, an offset cancellation module, and a voltage comparator, using a 0.18 µm CMOS
process. The novelty of their charge-based capacitance measurement technique removed the effects
of parasitic and mismatch errors. The measured current from the sensors was proportional to the
capacitance. An on-board switched capacitive amplifier converts this current to voltage, which is
compared with a reference voltage using a track-and-latch comparator. This interface circuit can

23

output a bit stream for corresponding capacitance variations, which can be received by any transceiver,
thus becoming a complete one-chip solution for DNA synthesis.[1]
Electrophoresis-based separation techniques are abundantly used in microfluidic chips but
require large voltages, posing a challenge for CMOS integration. However, Maziyar et al. designed
a high-voltage microfluidic controller using a DALSA 0.8 µm LV/HV CMOS process, which was
able to handle large voltages in electrophoresis-based bio-particle separation systems.[55] The chip
included an inductive DC-DC boost converter, four high-voltage output drivers, a voltage divider,
and low-voltage control logic. The system was successfully able to separate and detect ALFExpress
(a DNA-sized standard), and now they are developing optical detection using the same CMOS-based
DALSA LV/HV microfabrication process to realize a fully integrated, portable platform for genetic
analysis.[55] The 3 mm x 2.9 mm chip, integrated into an IC package, was able to drive the
electrophoresis operation in a microfluidic device without assistance.[105] This remarkable
achievement showcases the potential of CMOS in overcoming the challenge of executing high
voltage operations.

4.

Packaging Compatibility between CMOS and Microfluidics
Fabrication methods for microfluidic and CMOS-based devices have been refined over

several decades. However, when realizing hybrid CMOS-based microfluidic devices, several
challenges arise due to differences in scale and processing conditions.[53] The following challenges
hinder the growth of CMOS-based microfluidic systems: (i) uncertainties in fabrication and
integration processes; (ii) the absence of application-specific simulation and modelling software; and
(iii) an increase in production costs due to the use of nonstandard production schemes.[57] Another
challenge is that integration techniques must lie within the domain of CMOS processes, while
avoiding the leakage of fluids and their exposure to ICs.[106]
Topographical differences exist between the microfluidic channels inside polymer-based
microfluidic devices, such as thermoplastics, and the interconnects and CMOS sensors lying on
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silicon wafers.[10] In order to form reliable interconnects, but also expose CMOS ICs to fluids in
microchannels, industrial packaging techniques like the dual in-line package and the flip-chip-scale
package are used. To tackle the differences in size between the miniature CMOS ICs and the larger
microfluidic devices, the ICs are usually affixed to larger substrates, such that the microfluidic device
sits on top of the IC.[10] Additionally, to reduce the wasted material from dead volumes during batch
fabrication of devices, alignment methods must be very accurate.[7] Lastly, the use of such CMOSbased microfluidic systems can only be justified if the cost of production is kept low while offering
higher throughput rates. Hereon, we will see how different technique are used to overcome the
barriers of packaging incompatibility between CMOS and microfluidics based fabrication processes.

Wire bonding and flip-chip bonding
Wire bonding and flip-chip bonding are the predominant commercial techniques used to make
fast and reliable interconnects between ICs and packages, which is why they have also been used to
make interconnects in CMOS-based microfluidic devices. Hacko et al. used wire bonding to connect
their hybrid CMOS-microfluidic system to a printed circuit board (PCB),[53] while Amy et al. bonded
a CMOS-based microfluidic device to a thin PCB using flip-chip bonding.[107] However, these
methods have several shortcomings. Wire bonds cannot be insulated using current microfabrication
techniques, which make them prone to corrosion, but the flip-chip method requires several preprocessing steps and extra materials that increase costs.[106] More efficient and innovative integration
methods for CMOS-based microfluidic devices are available, some of which are discussed in the
following text. These methods make faster and more efficient LOC devices by reducing the distances
between the target and sensing modules.[108] Furthermore, the seamless integration of sample
manipulation with electronic detection in a small package facilitates one-chip solutions for
applications such as impedance spectroscopy, electrochemical detection, and magnetically tagged
particle detection or manipulation.[107]
Screen printing is better than wire bonding in overcoming topographical differences, as it can
deposit thick layers of metal. Recently, Heyu et al. took advantage of screen-printed metallization to
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form thick layers of interconnects, overcoming their topographical differences without using wire
bonding. A screen-printed mask facilitated the formation of interconnects between the CMOS die and
the carrier. A layer of parylene was deposited on top to insulate the CMOS die from fluids, while
allowing the biosensing electrodes to remain exposed and in contact with the fluid.[106] Ebrahim et al.
followed a similar method by printing complex 3D microfluidic structures using the direct-write
fabrication process (DWFP). A mixture of petroleum jelly and microcrystalline ink was deposited
through a micro-nozzle.[14] DWFP was carried out in three steps. The deposited ink was encapsulated
by an epoxy. After curing the epoxy, the ink was removed, creating a microchannel on top of the
previously fabricated capacitive sensing electrodes.[109] These structures were used to create
microchannels in the microfluidic devise using soft lithography. The sensing electrodes, integrated
with the microfluidic device, were connected to a PCB using wire bonding. DWFP, being a low
temperature process, is fully compatible with CMOS processes. Additionally, microfluidic channels
can be printed directly on top of an IC.[110]
Niina et al. combined flip-chip bonding with low temperature co-fired ceramic (LTCC)
technology to make a cell-culture-compatible package for CMOS-based microfluidic devices. The
pads of a sensor chip were wire-bonded with gold, and then the wires were manually removed, leaving
only small gold bumps on the pad. On the carrier side, conductive lines were printed on the LTCC
packages and a conductive adhesive was applied to the contact pads. The sensor chip pads with gold
bumps were then aligned with epoxy-laden pads on the LTCC carrier using a flip-chip bonder, and
this package was cured at 150 oC to secure the contacts. The gap between chip and carrier LTCC was
sealed using an epoxy underfill.[111] The schematic of the fabrication sequence is depicted in Figure
7a-b.[111] Amy et al. and David et al. employed a similar technique based on flip-chip bonding using
a solder bump, an epoxy seal, and a heat reflow process to make electrical connections between the
interconnects on a microfluidic device and the metallic pads on an IC.[15,

107]

In both of these

techniques, microfluidic channels on top of the IC delivered fluid to the sensing area of the chip, and
the sensors were connected to the IC using the previously discussed integration techniques (i.e., the
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formation of electrical connections). As a last step, the systems were sealed to avoid fluid leakage
using an epoxy. David et al. demonstrated this concept on a flexible polyimide PCB as shown in
Figure 7c.[15] The microfluidic channel integrated chip’s interconnects were fanned out on the flexible
PCB for easy connections while being isolated from fluids.

CMOS Compatible Microchannel
Dielectrophoresis channels, as shown in previous sections, are made with CMOS-compatible
processes, thus allowing uncomplicated integration with CMOS-based sensors. Demircan et al. were
able to integrate a dielectrophoresis channel with CMOS image sensors using only four masks. The
method claims to be fully compatible with CMOS processes.[74] Deep reactive-ion etching (DRIE)
enables the creation of 100 μm deep channels on a silicon wafer for applications that require close
contact between sensors and fluids.[112] Close contact is essential for impedance spectroscopy at
higher frequencies. Baristiran et al. presented the concept of a BiCMOS (bipolar junction transistor
and the CMOS transistor in a single integrated circuit device) platform, wherein a wafer containing
circuits and microfluidic channels bonded to another wafer possessing fluid inlet and outlet. The
channels formed using DRIE process allowed close contact between 120 GHz dielectric sensor and
the fluid, because a close contact is essential in impedance spectroscopy at higher frequencies[113].
Most microfluidic devices are fabricated on top of a glass carrier using soft lithography
processes. Lin et al. proposed a process flow for the transfer of a silicon-sensing die on top of a glass
wafer for seamless integration of CMOS sensors with microfluidic devices.[114] The sensing side of a
silicon chip is attached to a temporary glass holder using a photoresist. Another glass holder is
attached to the back surface of the chip using an epoxy. The temporary glass holder is then released
by removing photoresist with acetone to expose the sensor side of the chip. A Ti/Cu film was then
deposited on the silicon chip to spread the interconnects to the edge of the carrier wafer.[114]
Microfluidic channels were then moulded on top of this structure for the electrochemical sensing of
fluids. Several other approaches to overcoming the size difference between CMOS sensors and
microfluidic devices have been tried. Melaku et al. applied three graded layers of PDMS to a
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millimetre-sized IC for the streamlined delivery of fluids. The fluid delivery from one layer of PDMS
to another was enabled by micromachined through-holes. The first layer, which was millimetre-sized
and moulded with microfluidic channels, was bonded directly to the IC.[115] The second, middle layer
of PDMS, which was centimetre-sized with coinciding through-holes, was spun on top of the first
layer. Finally, the third layer, which was engraved to allow contact with environmental fluid, was
coated on the top of the second layer. The flow of the process can be seen in Figure 8d-f.[115]
Yue et al. overcame the size difference in CMOS-based photolithography with a die carrier,
by levelling the CMOS chip and the carrier surface within a 100 nm range. This levelling is essential
for successful photolithography-based processing, and for good electrical and fluidic continuity. The
result was a flat and smooth surface capable of undergoing CMOS-compatible deposition techniques
to form interconnects between the CMOS chip and the microfluidic device.[10] Gaps between the
CMOS chip and the carrier were filled by EPO-TEK 302-3M epoxy, owing to its low shrinkage, low
viscosity, low temperature curing, and possible removal through plasma dry etching.[10] Alternatively,
Ashfaque et al. achieved a chip-specific wafer integration of an IC on top of a carrier by fabricating
sockets in the wafer that were 5 µm larger than the IC on all sides depicted in Figure 9a. The IC chips
were bonded inside these sockets using an epoxy. They demonstrated this concept by fitting a
biosensing chip, fabricated with AMI Semiconductor’s 0.5 µm CMOS technology, into a socket
through adhesive bonding with benzocyclobutene. The lift-off process was then used to pattern
interconnects from the micrometre-sized pads on the IC to the centimetre-sized pads on the carrier
wafer, as shown in Figure 9b-c.[53] The potential of merging a complex application-specific integrated
circuit (ASIC) with a microfluidic network was shown by Schafer et al.[116] They etched off the top
metal layer of AlCuSi from an ASIC, as it was incapable of making an electrical connection in a
fluidic network. Pt, Cr, or Au was then deposited using plasma vapour deposition. Micro-capillaries
were fabricated on top of the sensing area and coated with a glass cover. Finally, a hydrogenated
amorphous silicon (a-Si:H)-based colour sensor was fabricated on top of the glass using PECVD
(Plasma-enhanced chemical vapour deposition). An illustration of the sensor and image of final
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device is shown in Figure 9d-e. This colorimetric sensor array was used to analyze samples separated
by capillary electrophoretic (CE), presenting a miniaturized application-specific chemical analysis
system with integrated electronics.[116]
Datta-Chaudhuri et al. have extensively reviewed the challenges faced by SoCs associated
with the design, packaging, and integration of systems that interface CMOS with biology and fluidics.
These include electrochemical effects, non-standard packaging, surface treatments, sterilization,
microfabrication of surface structures, and microfluidic integration.[16, 117] They further discuss a
number of approaches used for packaging CMOS dies in LOC systems.[17] Figure 10 shows an
illustration of those techniques.

Physically Flexible Devices
Flexible electronics market is expected to be valued more than $73 billion by 2027[118].
Polymer based microfluidic devices are inherently flexible, and thus, if merged smartly with
electronics, this multi-billion market can be tapped into. Rogers et al. have opened doors to an
emerging field where we are transforming our rigid devices into flexible ones for a more conformal
and seamless integration particularly with our skin. They used multiple CMOS ICs to create sensing
platform with flexible interconnections in a soft polymer assembly [119]. Such packaging techniques
will enable researchers to interface complex electronic interface with microfluidic devices to produce
skin mountable sensing solutions with signal conditioning, processing and transmission circuits all
on a single platform. Bowei et al. produced a flexible microfluidic device, as seen in Figure 8a-b,
with an IC embedded inside, moving us one step closer towards realization of point-of-care
diagnostics and environmental monitoring devices[108]. The CMOS IC is embedded in one layer of
PDMS on which second layer of PDMS is coated. Microchannels were prefabricated in a second
layer using soft lithography. Such devices having CMOS sensor chip with overlaying microfluidic
channels, as seen in Figure 8c[108], provide a huge potential in smart health monitoring devices that
are able to transmit continuous real-time data of a person’s vital signs to a physician or emergency
services.
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5.

Applications of CMOS based Microfluidic Devices
The fact that microfluidic systems can handle small volumes of liquid makes them ideal for

replicating molecular and cellular environments.[32] CMOS-based microfluidic systems have the
ability to sample and integrate complex 3D structures of biological tissues. This has paved the way
for the realization of implantable diagnostic devices (IDDs) and smart wearable systems (SWSs),
which not only diagnose but also possibly treat certain diseases.[120] Integrated LOC devices can
combine sophisticated microfluidics with well-developed CMOS-based sensing or analysis. Such
devices are label-free, cost effective, and noninvasive.[111] So far, CMOS-based microfluidic devices
are known to work in the following applications: cellular analysis,

[121]

protein detection,

[114, 122]

nucleic acid detection,[122, 123] biophysical analysis[124], cell separation and sorting,[125, 126] material
and drug delivery[127], chip-based drug testing,[128] and biomimetically designed organs-on-chips.[129]
Some prominent applications are briefly discussed in coming subsections. Figure 2b shows a graph
mapping of the different characteristics of both CMOS and Microfluidics brought together to from a
versatile solution making possible the progress in PoC diagnostics. It can be seen the both CMOS
and microfluidics bring together the advantages of high precision and portability, and CMOS further
enables easier result interpretation and low power portable systems to help form efficient Point of
Care devices. Table 3 shows several commercial devices that have been made possible by the
amalgam of CMOS with microfluidics to form complete solutions for healthcare industry,

PCR and DNA Analysis
The ability of microfluidic devices to perform PCR has been a significant breakthrough for
POC devices. In PCR, a DNA strand is amplified numerous times for sequencing, cloning, and
analysis.[130] LOC devices for real-time PCR can perform pathogen detection for the diagnosis of
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infectious diseases, genetic fingerprinting for forensics, genetic testing for hereditary diseases, and
DNA sequencing for research applications. Norian et al. produced a fully integrated LOC for PCR;
integrated CMOS sensors and actuators were able to facilitate temperature control, droplet-based
microfluidic transport, and SPAD-based fluorescence measurements.[12] Hatakeyama et al. presented
the concept of disposable photodetecting devices for in genetic diagnosis.[131] TFT photosensors were
used to detect fluorescent signals from fluorescent-labelled oligonucleotides (short DNA or RNA
molecules) immobilized on a titanium oxide layer. Fluorescent-labelled oligonucleotides were
hybridized in a microfluidic device to improve DNA-DNA hybridization efficiency. The ability of
these devices to incorporate sample preparation, PCR, and subsequent detection into a single
automated device reduces handling times and avoids sample contamination.[132]

Flow Cytometers
Magnet-activated cell sorting and fluorescence-activated cell sorting are two common
techniques used for counting cells in flow cytometers.[126] However, now that CMOS cameras are
able to capture up to a billion pixels in one second, they are increasingly useful in flow cytometry
devices.[133] Schonbrun et al. presented a multi-field of view imaging flow cytometer that can take
thousands of images of distinct particles in one second using only an LED for illumination.[133]
Dupont et al. fabricated a silicon chip containing a matrix of SPADs to count thousands of
fluorescent-labelled cells each minute as they passed through a microfluidic device.[126] Yushan et al.
used magnetic sensing to count magnetically tagged cells passing over a microcoil structure in an
LOC platform. An impedance sensing and frequency sensing circuit, fabricated in a CMOS 0.18 um
process, was able to detect the presence of moving magnetic beads.[134] Most recently, Liu et al. show
that a high resolution 3.2 Megapixel CMOS image sensor that can be used to count blood cell as
efficiently as the bulky lab equipment[135]. This will help us achieve the ability of performing blood
test in remote parts of the world which do not have access to laboratories.

Disease Detectors
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The POC genetic detection of viruses has applications in food safety testing, environmental
monitoring, and clinical diagnostics.[136] In developing countries where illiteracy is more common,
there is a dire need for fully automated onsite disease-diagnostic devices that can perform complex
laboratory assays in a simplified way at low costs.[137] One such microﬂuidic POC test device with
integrated CMOS-based photosensors, demonstrated by Nayak et al., was capable of detecting Lyme
disease.[138] Lyme antigens (toxins that induce an immune response in the body) from a patient’s
blood sample were immobilized on a microfluidic cassette, then exposed to antibodies and silver
amplification reagents, which initiated a sequential binding. This binding caused a decrease in the
light from an LED that reached a photodiode at the top of the device, thus indicating the presence of
Lyme antigens. An illustration of the detection system can be seen in Figure 11a.[138]
Andrianova et al. used a microfluidic device to deliver an analyte to a CMOS-compatible nchannel ion-selective field-effect transistor (ISFET), which was able to detect the presence of
organophosphorus pesticides. The pesticides were immobilized on the surface of ISFETs and a
phosphodiesterase enzyme was used to enhance sensitivity.[139] Demircan et al. designed a label-free
LOC detection system that integrated DEP and CMOS imaging for leukemia cell detection.[74] A DEP
channel trapped a representative group of cells while CMOS image sensors detected the presence of
leukaemia cells in the group. Fouladi et al. flowed magnetotactic bacteria (MTB) that could attach to
a specific pathogenic bacterium along microchannels. Magnetic fields were then used to transfer the
bacteria to a CMOS-compatible microfabricated electrode array. Impedance measurements from the
respective electrodes indicated the presence or absence of the pathogen.[140]

Drug Delivery
Emerging healthcare systems based on microfluidics, aiming to diagnose and possibly
intervene in human health conditions, would extremely benefit from integration with CMOS
technologies. We believe that flexible CMOS-based microfluidic systems will enable the
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development of high performance, wearable, and personalized healthcare systems. We envision that
microfluidic small-scale pharmaceutical laboratories integrated with CMOS sensors, actuators, and
circuits would have the capability to prepare personalized medicine by mixing different types and
dosages of drugs, heating them up to a certain temperature if necessary, and then delivering them to
the patient. A system like that could open up new horizons for the personalization of healthcare. The
envisioned system, which is currently under development in our lab, can be seen in Figure 11b, where
flexible CMOS circuitry is integrated into the back side of the microfluidic channels. This CMOS
circuitry can ne interfaced with state-of-the-art drug delivery systems like the one showed by Spieth
et al., to materialize the vision of Point-of-Care devices. The 3D floating silicon array is connected
to a microfluidic cable to supply fluids where the drugs are injected in the fluidic adapter through a
dosing need as shown in Figure 11c.[127] This delivery system, when integrated with CMOS sensors
and actuators, can be controlled to release drugs at regular intervals. Going further, sensors can
indicate that a patient is in need of a certain drug which can trigger the actuator to undergo a controlled
delivery of drug through the 3D floating silicon array. Such a system can help us realize the dream
of personalized drug delivery. These emerging technologies are likely to have a profound impact on
healthcare management and intervention.

6.

Paper Based Systems
As we have seen so far, it started with glass and silica being fabrication materials for

conventional LOC devices. However, they became less popular than polymers because of their higher
fabrication costs and a requirement for greater expertise in microfabrication methods. Even when
polymers are used, the functionality of LOC devices demands plastic polymers that have limited to
no flexibility. Often the final LOC system is produced in a quite rigid and bulky format, mainly to
ensure reliability and intactness of the microfluidic channels over time. Since promising polymers,
like PDMS, still have not managed to replace the well-established rigid materials, researchers have
been exploring alternative and compatible substrates, such as paper. Their goal is mainly to reduce
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the cost and manufacturing complexity of LOC devices, but unique beneficial characteristics have
also been revealed, such as the mechanical flexibility of the LOC platform. Due to its accessibility,
flexibility, and desired porosity, which leads to enhanced sensitivity and faster fluid flow (viz.
reduced surface tension), paper has been extensively studied and used as a host platform and active
material for several types of LoC devices,[141] including sensors,[142, 143] actuators,[144] microfluidic
devices,[145, 146] and health monitoring and diagnostic systems.[147, 148] Therefore, interest in paperbased LOC devices has been significantly increasing as they display the potential to be faster, cheaper,
and more multiplexed than the current analysis systems.[149]
Paper-based 3D microfluidic devices have also shown potential in for overcoming
challenges posed by glass and polymer-based microsystems.[150] Microfluidic paper-based analytical
devices (µPADs) can be easily integrated into commercial electrochemical readers. Martinez et al.
demonstrated the compatibility of electrochemical µPADs with commercially available
glucometers.[151] In another study, they envisioned paper strips being used as cheap and portable
diagnostic assays for disease detection and monitoring in remote locations.[148] Paper bestows the
µPADs with the ability to wick fluids and distribute microlitre-scale samples without external
displacement pumps. In that regard, the ultimate platform for a paper-based LOC system is envisioned
as a 3D stacked integration strategy, in which paper-based sensors can be vertically interconnected
via conductive routings to the rest of the paper-based interface electronics and system components,
as tentatively illustrated by Nassar et al. They demonstrated the use of non-functionalized cellulose
paper in building a large-scale multifunctional “paper skin” platform that integrated six different
sensory functionalities: temperature, flow, humidity, touch or pressure, pH, and proximity.[142]
Similarly, Whitesides et al. demonstrated the development of micro total analysis systems (µTAS)
on paper, where printed electronics and microfluidic structures are integrated into a stacking assembly,
along with the incorporation of off-the-shelf IC components for system functionality.[145] In a
subsequent study, Nassar et al. further showed the successful integration capability of paper-based
sensors into a fully autonomous and wearable ultralow-cost medical diagnostic system, referred to as
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the “Paper Watch”, capable of continuously monitoring various vital signs such as heart rate, blood
pressure, body temperature, and skin hydration.[147, 152]
However, the use of such unconventional substrates can be still impractical for rugged
applications involving extensive wear & tear, and requires optimised handling and techniques for
efficient integration with the rest of the CMOS components. CMOS integration can take control of
pumping, imaging, and processing thus being vital for the autonomous operation of an LOC system.
Hence, when flexibility is needed, a better albeit expensive alternative to the unconventional paper
substrates would be to the most commonly used CMOS platform, silicon, and overcome its brittleness
through low-cost flexing mechanisms. As sensors are an integral part of any LOC system, Nassar et
al. successfully showed the integration of multifunctional CMOS sensors on a large-scale flexible
silicon platform.[153] Their heterogeneous and monolithic integration approach uses only CMOScompatible fabrication processes on bulk monocrystalline silicon (100).[153] The sensors include
temperature RTDs, pressure, strain, and humidity, which are all vital sensing elements needed for the
characterization and understanding of fluid behavior inside microfluidic channels. This flexible
silicon platform is compatible with the one-chip integration of silicon-based data processing units
and interface circuitry required for a complete LOC system. Unlike the standard rigid silicon
platforms that conventionally host CMOS sensors, the ability to combine sensors, actuators,
microfluidic channels, and CMOS processing devices on a flexible silicon platform in a low-cost
manner will reveal new opportunities in the field of portable and wearable biosensing LOC diagnostic
systems.[28, 154]

7.

Outlook and Concluding Remarks
Microfluidics is an important emerging area and technology for enhanced healthcare. With

the increasing global population, it is critical to make healthcare technology accessible to everyone.
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Developing countries lack access to modern laboratories, thus require POC diagnostic devices that
are portable, user friendly and do not require preprocessing of biological samples. Devices based
upon microfluidics have already shown encouraging results in replacing various laboratory
procedures like; flow cytometry, PCR tests, immunoassays, and blood chemistry. An overview of
such applications driven by progress in CMOS based microfluidics can be seen in Figure 12. Moving
ahead, we can see more potential applications arising as CMOS enabled technologies will help
microfluidic devices to find applications in our everyday world. [155] CMOS technology has played
critical enabling role to empower us in the digital era. For many microfluidic technologies, CMOS
technology can help with data management. Miniaturized CMOS electronics are the most reliable
option for data processing, storage, and transmission, and thus their integration can enhance the
functionality of microfluidic devices. The challenges to commercialization are component integration
and fabrication standardization.[156] We have extensively reviewed the component integration with
CMOS based sensors and actuators, while there is a dire need for replacement of PDMS as the main
material for fabrication as PDMS requires multiple processes that cannot be automated which have
kept the cost of mass fabrication high. Going forward, we believe that sensors and actuators can be
made with emerging materials based on 1D nanowires and tubes, and 2D atomic crystal structure
materials. However, their cost effectiveness and reliable manufacturability have to be ensured. The
emergence of 3D printing technology has opened up an opportunity for rapid prototyping of enhanced
capabilities, like bio-printing of artificial organs. To make the broad spectrum of healthcare
technology accessible to everyone, it will be of paramount importance to have affordable low-cost
microfluidic devices. In that regard, paper-based devices with a low-cost assembly could be critical
enablers. We have discussed various microfluidic technologies focusing on DNA analysis, assembly,
cell manipulation, diagnostics, and drug delivery. There are many more applications which are not
discussed here. Critical components, like sensors, actuators, and their fabrication and packaging, have
been discussed and reviewed in detail. At the end, we also discussed some of our own contributions
to ultralow-cost paper-based diagnostic devices and personalized medicinal platforms that allow users
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to prepare drugs and nutrients based on their genomic architecture and health conditions, as measured
by various wearable healthcare gadgets. We see enormous potential for microfluidic technologies in
affordable healthcare for everyone, and CMOS technology will play a major role in making that
happen.
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Advantages

CMOS (vs. BJT)
High input impedance
(less leakage current in off state -nA compared to ~uA in BJT)
Supports voltages from 3-15V while BJT work up to 5V
Wider operating temperature range (-155 to 125 degree C)
Better noise immunity (40% supply voltage noise margin)
Smaller devices and better packing density (more devices per unit area)
Ability to integrate with CMOS based sensors with high yield

Disadvantages

Lower switching speeds than BJT (1-200 ns propagation delay)
Less Amplification than BJT
(CMOS is not optimised with analog circuit design)
Mismatch between CMOS devices is higher

Table 1. Comparison of advantages of CMOS over competitive microfabrication technology
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Pixel
Array

Pixel
Size
(µm)
1.1

Resolution
(µm)

Size
(mm2)

Fps
(frames/sec)

Power
(mW)

Purpose

65 nm
BSI
CMOS
CMOS

5x5

45

182.8

Blood count

4.3

-

-

0.35 um
CMOS

-

-

-

Sensitive
Biological Assay
Readout
Leukemia Cell
Detection

FSICMOS

4.51 x
2.88

60

<320

Blood Count

FSICMOS

4.6 x
3.5

30

-

Blood Count

14

381

5

CMOS

5.7 x
4.28
~24

-

-

On-Chip
Microscopy
On-Chip
Microscopy

2

0.18 um
CMOS

2.5 x
5.0

2475

-

2.5

0.18um
CMOS

2.5 x
5.0

1750

19

-

0.35 um
CMOS

2.9 c
2.7

-

0.105
(per
column)
2.3

2.5

~100

CMOS

-

-

-

3.2

0.8

CMOS

-

12

240

Author

Year

Xu Lie[135]

2017

1600 x
2056

Bieke Van
Dorst[68]

2016

8x8

500

Demircan[

2015

32 x 32

15

Xiwie
Huang[157]

2014

752x548
(1.1MP)

2.2

Seung Ah
Lee[158]

2014

3264 x
2448

1.4

Jung[69]

2014

2.2

Zoltán[159]

2013

2.2

Yung
Mei[82]

2012

2592 x
1944
2592 x
1944
128 x 96

2 (sized
particle
detected)
1-4
(pg/mLof
LLOD)
3 (sized
particle
detected)
8 (sized
particle
detected)
8 (sized
particle
detected)
0.66

10

Tongxi
Wang[81]

2012

128 x 128

10

Ritu
Singh[70]

2012

64x128

Misawa[71]

2011

Shuo
Pang[78]

2010

1289 x
1024
2048 x
1536

74]

Process

Table 2. Characteristics of CMOS Image sensor used in different applications

53

High speed
imaging
High resolution
bio-particle
imagine
Chemiluminesce
nce
Contact Imaging
Portable Imaging
System
On-Chip Optofluidic
Microscope

Device

Company

Application

miniPCR™

Amplyus

Digital PCR

minION

Oxford
Naopore

DNA/RNA
sequencing

DNA Analyser

Devyser AB

DNA sequencing

CMOS based
element
Signal Conditioning
and Amplification
Microchip
electrophoresis and
Signal Conditioning
Imaging

Handheld qPCR
machine
Alere™ i
Cobas® Liat®

Biomeme

PCR

Imaging

PCR
Influenza Detector

CoaguChek®
mPOC

Alere
Roche
Diagnostics
Roche
Diagnostics

Accu-Chek®
Inform II

Roche
Diagnostics

Glucose Test

Urisys 1100®

Cobas

Urine analyzer

Accutrend®
Plus system

Cobas

Blood test for
cholesterol

TC20™

Bio-Rad

NanoCellect
WOLF
Polyvalent
Analyzer (PAx)

Nanocollect

Automated Cell
Counter
Cell Sorter

Imaging
Imaging and Signal
Conditioning
Data acquisition,
manipulation and
transmission
Data acquisition,
manipulation and
transmission
Data acquisition,
manipulation and
transmission
Data acquisition,
manipulation and
transmission
Flow Cytometry

ChipCare

Blood Test

FluorEx™

CFT Ltd

Pathogen
Detector
MPS

DxNow Inc.

Electrochemical
sensor

microLIQUID

Multi-Analyte
lmmunodetection
Multi-Analyte
lmmunodetection
Liquid flow rate
monitor
Pathogen and Bioparticle Detection

Elveflow®

Blood coagulation

Power
Source
USB

Reference

USB

[161]

3.7V Li-Ion
Battery
USB

[162]

12 V DC
15V DC

[164]

3.7V Li-Ion
Battery

[166]

3.7V Li-Ion
Battery

[167]

3.7V Li-Ion
Battery

[5]

3.7V Li-Ion
Battery

[168]

12 V DC

[169]

Flow Cytometry

15V DC

[170]

Data acquisition,
manipulation and
transmission
Imaging

9V Battery

[171]

3.7V Li-Ion
Battery
3.7V Li-Ion
Battery
-

[172]

-

[175]

Imaging
Pressure sensor
Electrochemical
Sensor

Table 3. Some Commercialized Microfluidics platforms employing CMOS based technologies

54

[160]

[163]

[165]

[173]

[174]

Figure 1. (a) Trends in emergence of CMOS Enabled Microfluidics field for healthcare applications
(Courtesy ISI Web of Science) (b) An illustration of several possible CMOS enable functions on an
Integrated Chip platform
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Figure 2. (a) Flow chart of various applications enabled by CMOS in microfluidic devices (b) The
common and added characteristics of CMOS with microfluidics to form a complete solution for
Point of Care diagnostics and other healthcare based devices
56

Figure 3. (a) Left, microscopic images of die from the top showing capacitive sensors
and interface circuitry; right, microfluidic packaging of the chip with a blow-out showing
microchannel passing over the sensor chip; [1]
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Figure 4. (a) Illustration of a microfluidic DEP device on top of a CMOS imager; (b) The packaged
version of the chip being tested; (c) Images of tapped cells in the microfluidic channel obtained by
CMOS imagers;[74] (Figure (a), (b), (c) Copyright 2015 IEEE) (d) Cross section view of the device
showing integration of CMOS image sensors with microfluidic channel; (e) a schematic of gravity
driven approach to move specimen over the CMOS sensors; and (f) and color image reconstruction
from individual RGB images.[77, 78, 80] (Figure (d), (e), (f) Copyright 2010 National Academy of
Sciences)
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Figure 5. (a) An illustration of sensor chip with integrated silicon sensors, membrane and
microchannels.[87] (Copyright 2014 Taylor & Francis); (b) A cross-sectional view of the LoCMOS
chip showing overlay of microfluidic and microelectronic parts.[63] (Copyright 2016 IEEE); (c)
Micrograph showing DEP array. magnetic current drivers, thermometer, row decoders and shift
registers integrated on a single chip; (d) Schematic of interface circuitry of each DEP pixels and
magnetic wire;[23] (Figure (c), (d) Copyright 2009 IEEE); (e) Micrograph of chip with micro-coil
array; and (f) Schematic of analog and digital interface circuitry associated with functioning of the
micro-coil array.[11] (Figure (e), (f) Copyright 2007 RSC);
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Figure 6. (a) Schematic of integration of microfluidic interface with the chip;[100] (Copyright 2014
IEEE) (b) Left, image of chip with interface circuitry and sensors on single chip; right, image showing
microchannel integration with CMOS chip.[19] (Copyright 2014 IEEE)
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Figure 7. (a) Schematic of isotropic conductive adhesive stamping process, sensor chip mounting,
and under-fill application; (b) Several views of LTCC packaged version with integrated microfluidic
channel;[111] (Fig 7(a), (b) Reprinted under terms of Creative Commons Attribution License) and (c)
isolated electrical interconnects from the microfluidic channels embedded with IC.[15] (Copyright
2013 Institute of Physics)
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Figure 8. (a) PDMS packaged IC with microfluidic channels; (b) bendability of system demonstrated;
(c) Micrograph showing channels aligned with CMOS IC before (left) and after (right) liquid metal
injection;[115] (Fig 6(a), (b), (c) Reprinted under terms of Creative Commons Attribution License) (d)
different layers of PDMS aligned and bonded using stamping-baking technique; (e) a cross sectional
illustration of the bonded device; and (f) and illustration of the fabricated device with via to deliver
fluid to the IC.[115] (Fig 6(d), (e), (f) Copyright 2014 RSC)
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Figure 9. (a) Illustration of the system; (b) SEM image showing interconnects from the IC; (c) A side
view of the packaged integrated CMOS microfluidic device;[53] (Figure (a), (b), (c) Copyright 2011
IEEE) (d); a-Si:H-based sensors on glass substrate and (e) cross section of device showing vias
connecting ASIC with fluidic network;[116] (Figure (d), (e), (f) Copyright 2008 Elsevier)
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Figure 10. Several packaging techniques for CMOS LOC systems. Pink areas show critical fluid
barriers while green areas indicate the protected external electrical connections.[17] (Copyright 2014
RSC)
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Figure 11. (a) Schematic showing how antibody attaches to Lyme antigen and detection using
photodiodes;[138] (Reprinted under terms of Creative Commons Attribution 4.0 International License)
(b) Mirror image of the microfluidic small-scale pharmaceutical laboratory integrated with CMOS
circuitry (c) 3D floating silicon array attached to a fluidic drug delivery channel.[127] (Copyright 2011
Institute of Physics)
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Figure 12. An illustration to applications of CMOS enabled microfluidics for affordable personalised
medicine (Image recreated with snippets taken underCreative Commons Licenses)
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