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Abstract
In early 1990s, microfluidics technology was mainly aiming at the manipulation of fluids in micro-scale and
nanoscale. At present, with the development of microfluidics, it has been widely used in the life science and
medical researches with significant achievements. The microfluidics technology can be used in single cell capture,
cell screening, and synthesis of biomacromolecules. Some microfluidic chips have already been commercialized
and applied in disease detection, drug delivery and bioscience. However, the physical index oriented wearable
technology ignored another part of the most important indications in health monitoring i.e. the body fluid. The
body fluid in this review refers to the blood, sweat, interstitial fluid, saliva, tears, and urine. The current medical
procedures for the testing of body fluid involve using highly sophisticated instrument such as atomic absorption
spectrometry, ion chromatography and gas chromatograph for the detection of specific targets in body fluid. For
correct detection of changes in body fluids, it is necessary to intervene in body fluids naturally. Physical fatigue is
known to have a direct effect on body fluids. For this reason, microfluidic chips are used in experiments after
exercise. Also exercise; diabetes, cancer, cardiovascular disease, muscle, immune, and age-related decline in
cognitive function have been documented against the protect. In addition, regular physical exercise is the most
powerful initiative known to have positive effects on health and aging.
In this review, the production and recent developments of microfluidic chips was classified by the detection object
of the body fluid.
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1. INTRODUCTION
Miniaturization is one of the key driving factors in the evolution of modern technology [1, 2]. It enables devices to have
complex functionalities in a smaller volume, with less energy consumption and lower costs per implemented function. Other
correlated benefits from miniaturization include faster processing time, lower manufacturing and operational costs, smaller
volumes of needed samples and reactants, integration with other devices (multifunctionality), increased safety and reliability by
having less external interconnects between the different parts, and high throughput [3]. Miniaturization brings molecules or
samples closer together for more effective, efficient, and rapid interactions [4]. Miniaturization also increases the portability of
microfluidic devices because the devices are compact yet fully functional by themselves [4].

Microfluidics allows for handling of fluid with volumes typically in the range of nano- to microliters (10−9 to 10−6 L)
or smaller [3, 4]. The attractive and advantageous characteristics of microfluidics include down-scaling and miniaturization.
Microfluidics utilizes and consumes less fluid volumes, and requires fewer materials to make the actual device, making the
device and procedures more cost-effective and capable of being mass produced [5, 6]. The downsizing of microfluidic channels
results in faster analysis and response times, owing to higher surface to volume ratios, shorter diffusion distances, and smaller
heating capacities [4].

Several new microsystems have been created by the fabrication and integration of small electrical and mechanical compo-
nents put together as a system, using techniques that are inherited from or related to the integrated circuit technologies (IC)
[7]. On of these, microelectromechanical systems (MEMS) are precise, miniaturized systems with primary functionalities in
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both electrical and mechanical domains, with applications covering a large range of phenomena in the physical, chemical,
and biological domains [3]. MEMS devices open the possibility of cointegration in a single complex system of functions like
sensing, electronic signal processing, and electromechanical actuation that are traditionally performed by distinctly separated
and bulky functional blocks. Depending on the specific domain of functionality and application of these devices, different
terms have been coined to categorize them. As examples, RF MEMS devices are used for radio frequency telecommunication
applications (e.g., switches, transmission lines, and antennas) [8], optical MEMS refers to devices interacting with light (e.g.,
image scanner micro mirrors, and optical switches) [9, 10] and bio-MEMS [11]/microfluidics [12] are used in systems applied
to biological assays and fluid manipulation (e.g., body fluids and cell manipulation, DNA analysis [13], toxins detection,
diseases diagnosis and treatment, and drug delivery [14]).

The experience accumulated for the microfluidic chips in the life science and medical research recently opened a new
gate for the wearable technology, i.e. wearable microfluidics [15, 16]. As an emerging technology of life science, electronics,
material science and chemistry, wearable technology has experienced a significant development over the past few years.
Wearable technology has been extensively used in life monitoring [17, 18], disease detection [19, 20], sports science [21, 22]
and military [23], etc. Wearable technology refers to the certain kind of equipment that can be directly wore or integrated in
the cloths and accessories.Traditional wearable technology aimed at detection of physical index such as heart rate [24], body
temperature [25], motion tracking [26], bioelectricity signal [27] and steps [28] using photoelectric detection method [29].

1.1 Microfluidics
Microfluidics is the field of the microsystems technology that deals with the study and control of fluids in hydrauli-
cally/geometrically small systems, with lengths typically in the range of a few micrometers up to a few millimeters or
centimeters [3, 4, 30]. It is an enabling technology to perform biological and chemical experiments at greatly reduced spatial
scales, with minimal material consumption and high-throughput. It is based on the control of flows in microchannels with
characteristic dimensions ranging from millimeters to micrometers, constituting the basis of technologies known as micro total
analysis systems (µTAS) or labs-on-a-chip (LOC) [4].

Microfluidics is key to advancing molecular sensors based on bioassays including immunoassay, cell separation, DNA
amplification, and analysis, among many other examples. Microfluidic systems process a large number of parallel experiments
rapidly with a small amount of reagent and automate chemical, biological, and medical applications on a large scale with low
cost. For example, reducing the reaction chamber size by a factor of 10 increases the reaction rate by a factor of 100 because
the smaller characteristic length of the system decreases diffusion time. In addition to faster reaction times, the amounts of
analyte and reagents required are also reduced proportionally to the reduction of the reaction chamber volume. Not only does
this reduce the cost of the test by reducing the required amounts of chemicals, it also allows more types of tests to be conducted
in parallel with the same size of sample [4].

1.2 Biochips
Materials used in microfluidic and biological applications must fulfill a stringent list of requirements. Biocompatibility is
probably the most important one. The entire bill of materials need to be able to operate without releasing toxic chemicals,
reacting with the fluids being transported and analyzed, or activate unwanted immunological response in the biological systems
under analysis [31, 32]. Optical transparency is also a requirement for visualization of the flow using a microscope or video
camera, enabling the identification and measurement of particles, cells, fluorescence, and the use of other colorimetric detection
methods [3].

Biochips are based on the biological recognition and allow forthe simultaneous analysis of a large number of compounds
[33]. The discussed technology demands the application of very smallamounts of starting material that minimizes the analysis
cost [33]. Due to their advantages, the biochips have been applied for thedetermination of various diagnostic markers [34]
and genetic pre-disposition to many diseases [35]. Also, they have been successfullyused in different practical fields such as
molecular biology [35], medicine [37], biotechnology [38], etc [39].

The most important part of obtaining the final product is the production and subsequent functionalization of microfluidics
by the specified production methods. Because all living things try to adapt to their environment in order to sustain their lives by
perceiving the changes in the environment they live in [40]. Advances in basic sciences have enabled the investigation of the
functions of other biological materials as well as enzymes [41]. As a result, a wide variety of microfluidic systems have been
developed and are being developed.

In microfluidic device studies, enzyme fixation (immobilization) in the biological sensing region of the design is an
important step. The most commonly used methods for enzyme immobilization in studies include; arresting in gel, intramolecular
crosslinking, adsorption, covalent binding and encapsulation (Fig. 1) [40, 42].
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Figure 1. Enzyme Immobilization Methods, a) Covalent Binding, b) Adsorption, c) Arresting in Gel, d) Cross-Linking in
Molecules, e) Encapsulation [40].

Baudoin et al. prepared two layer of biochips using polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland /
USA). Briefly, the biochip consists of cell culture chamber manufactured with two layers. The microstructured bottom layer,
with series of microchambers and microchannels, is used as a support for cell attachment. The second PDMS layer, with
a reservoir (depth of 100 µm), is placed on top of the first layer and includes an inlet and outlet microfluidic network for
homogenous culture medium distribution [43, 44].

1.3 Microfabrication
The fabrication of small scale microfluidic devices relies on high-precision micromachining techniques capable of creating
high aspect ratio structures. Micromachining techniques can be basically divided in two major categories: bulk and surface
techniques. Bulk techniques rely on the direct modification of a substrate material, usually a monocrystalline silicon wafer,
glass, quartz or thick polymer matrix, used as a basic (bulk) material or support to shape the desired structures. Typical substrate
thicknesses are in the range of several tens to hundreds of micrometers (Fig. 2 A). On the other hand, surface micromachining
techniques involve the deposition of various layers of materials in the form of thin films and their definition into the desired
structural shape (Fig. 2 B). Typical thicknesses of the various layers in surface micromachining techniques are in the range of a
few nanometers to a few micrometers, much smaller than the bulk thickness, which is used to support the microfluidic device
itself [3].

Figure 2. Schematic illustration examples of (a) bulk micromachining process in a silicon substrate and (b) surface
micromachining process [3].

1.4 Microfluidics devices
These devices are of great interest in physical, chemical, and biological applications. They have stringent specifications in terms
of the precision involved in their fabrication as well as in terms of the compatibility between the different materials used to
fabricate them and the possible interaction between these parts and the fluids/biological systems of interest. Typical microfluidic
systems consist of four main components: (1) microfluidic pumps for driving the fluids along the system (based on various
actuation mechanisms), (2) microfluidic valves for controlling and directing the flow as desired, (3) microfluidic channels
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and chambers, which are the passive and the primary fluidic interconnecting components of these systems, and (4) active
microfluidic components integrated with closed-loop temperature controllers, optical detectors, electrodes for the application of
test voltages and currents, and so forth [3].

1.5 Fabrication of microfluidics devices
Most microfluidic devices are fabricated by replica molding techniques [45, 46] because it allows for simple, low-cost
prototyping of micro channels. Fig. 3 shows a typical fabrication procedure of a microfluidic chip. The polydimethylsiloxane
(PDMS) microchannel is replicated from an SU-8 [47] photoresist negative pattern. Holes for tube connection are then
mechanically punched through the channel. The channel is fixed onto a substrate, which often is a glass slide. There are several
techniques for bonding the top micro channel and the bottom substrate. Typically, the PDMS part is O2 plasma treated and
pressed onto the glass substrate at 100◦C to create permanent bonding. Simple mechanical clamps are also commonly used.
Techniques for microchannel fabrication based on lithography include bulk micromachining of silicon. Anisotropic wet etching
[48, 49] or DRIE [50, 51] creates grooves on silicon substrates. Other techniques include hot embossing [52] and injection
molding [53], which are suitable for mass production [4].

Figure 3. Fabrication of a PDMS microchannel [4].

1.6 Wearable microfluidics chips
As a combination of wearable technology and microfluidis, wearable microfluidics directly contacts human skin, by which
it enables the collection and analysis of body fluid as well as integration with wireless data transfer function. The wearable
microfluidic chips can achieve the real-time continues vital signs monitoring of glucose [54], lactate [55], Na+/K+ [56], Ca+2
[57] and pH of sweat [58], with the collection and analysis of sweat, interstitial fluid, saliva and tears. For the analysis of glucose
and lactate, instead of directly collecting blood, with the help of wearable microfluidics technology, the minimally invasive and
non-invasive sample collection methods could be used to ease patients’ pain. Besides the advantages in sample collections, other
advantages of wearable microfluidics are as follows: (1) the volume of the body fluid sample needed is much less compared
with traditional methods; (2) the volume of the reagent needed for each test is also lowered to micro/nano liter scale, which
significantly reduces the cost of each analysis; (3) the real-time and continues in vivo monitoring of body fluid and wireless
data transfer [59] could be achieved, which is almost impossible for traditional in vitro analysis method; (4) the wearable
microfluidics can be easily integrated with other kinds of sensors since the fabrication technology of microfluidics is inherited
from the microelectromechanical systems (MEMS). Sensors such as optical sensor, electrochemical sensor, piezoelectric sensor
and biosensors can be integrated in the wearable microfluidics chips to meet different requirements of testing body fluid with
much less technical barrier [29].

1.7 Exercise
Since physical exercise is a factor contributing to the quality of life of people, it is recommended as a very important prescription
for both health and disease therapy [60]. The main purpose of exercise; to prevent organic and physical disorders caused by an
inactive life and to maintain physical fitness for many years [61]. It is stated that there are physiological, motoric, psychological
and sociological benefits in regular sports [61, 62, 63]. According to many studies, the increase in the physical activity of the
individuals decreases the risk of death and prolongs the human life [60, 61]. In addition, the type of exercise, intensity, contests,
traumas, stress cause both physiological and metabolic changes in the human body [60]. Therefore, the relationship between
athletic performance, heavy exercise and physiological changes needs to be well known.
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2. APPLICATION OF MICROFLUIDICS CHIPS AND BIOCHIPS
Most of the energy required for the tissue and cell activity is source from the glucose in blood. For the maintenance of organ and
tissue functionality, the glucose level should be kept at a certain range. Lactic acid is the final product of glycolysis. In medical
filed, it is an important indication for the exercise load control, diabetic monitoring and the detction of sugar souced disease
[29]. Currently, the most popular dection methods of blood glucose are either using fully automatic biochemical analyser or
fast blood glucose meter [64]. Compared with traditional method for the test of glucose, the wearable microfluidics technology
provides a minimally invasive or non-invasive method. The minimally invasive method refers to collection of blood using
microneedles array, of which the length of needles would not reach the subcutaneous neural layer, and the subject can hardly
feel the pain. Non-invasive method refers to the indirect testing of glucose from the interstitial fluid [65, 66].

Gowers et al. developed a 3D-printed wearable microfluidic system, which could conduct the on-line testing of glucose and
lactic acid simultaneously. A minimally invasive method was used with a Food and Drug Administration (FDA)-approved
clinical microdialysis probe for the analysis of glucose and lactic acid. Fig. 4 A shows the integration method of the probes and
microfluidic chips, Fig. 4 B and Fig. 4 C illustrate the changes of glucose and lactic acid level during a cycling protocol [67].

Figure 4. Wearable microfluidics system for glucose and lactic monitoring. (A) microfluidic device for continuous monitoring
of dialysate; (B) measure tissue glucose and lactate levels in dialysate during the cycling protocol; (C) glucose and lactate
levels during the exercise phase of the cycling protocol [67].

Perspiration is of great importance for maintaining the selfbalancing of inner environment of human body, and is also part
of metabolism process. The sweat carries rich information, and real-time continues analysis of sweat is of great significance for
the vital life sign monitoring. The pH value of sweat directly reflects the pH of human skin [29]. The change of pH in sweat
also reflects the volüme and speed during the perspiration processes, and the pH of sweat will increase when more sweat is
produced [68]. On the basis of measuring pH value of sweat, we can indirectly speculate the dehydration of the subject, which
is useful in the sports science and military field [29].

Traditional methods for testing pH in sweat require strenuous exercise to produce sweat, and then the sweat sample is
collected for the chemical color reaction and the pH value is read out. This testing method requires the subject to produce
significant amount of sweat, and is slow in detection and hard to realize continues real-time monitoring of pH value of sweat.
On the other hand, using wearable microfluidics can realize real-time monitoring of pH of sweat and consume extra low sample
and reagent volüme [29].

Curto et al. proposed a simple and rapid wearable microfluidic devices for the testing of pH of sweat [58]. They used
phosphonium based ionogel integrated with pH sensitive dyes for the direct testing of pH in sweat. Compared with other
detection methods [69, 70], for example, photoelectric sensor to detect chromogenic reaction of pH in sweat, their method
was low-cost with less energy consumption. As shown in Fig. 5 A, the structure of the proposed microfluidic devices was
consisted of the absorbent pad for sweat, microchannels for sweat transfer and ionogel sensors for the chromogenic reaction of
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pH in sweat. Fig. 5 B shows the fabrication process of the microfluidic cihps. The multiple layers of polymethyl methacrylate
(PMMA), ionogel, and pressure-sensitive adhesive (PSA) were fabricated using CO2ffl laser and bonded using PSA. As shown
in Fig. 5 C, the microfluidics chip was worn on human wrist. During the exercise, the color change of the ionogel could indicate
the change of sweat pH in the range of 4.5 to 8.0 [58].

Figure 5. Wearable microfluidic system for sweat pH monitoring. (A) Image of the micro-fluidic platform; (B) micro-fluidic
platform fabrication process; (C) image of the micro-fluidic system integrated into a wrist-band [58].

Coyle et al. fabricated a wearable microfluidic system that integrated the textile-based microfluidics for fluid transportation
and a series of sensors for the analysis of sweat, including pH sensor [71]. Similar to Coyle’s idea, Caldara et al. fabricated a
wearable, flexible and non-toxic sweat sensor using the chromogenic reaction of organically modified silicate (ORMOSIL) [72].
As shown in Fig. 6, Tsioris et al. innovatively used the functionalized silk which had chromogenic reaction under different pH
and integrated the silk in a PDMS-based microfluidic device for testing pH [73].

Figure 6. Structure of polydimethylsiloxane (PDMS)-based wearable microfluidic system for sweat pH monitoring. (A)
Schematic of the microfluidic device composed of the PDMS channel, the CO2H azo-silk, and an inlet/outlet; (B) optofluidic
device setup [73].

The Na+ and K+ can directly reflect the hydration of human skin, the dehydration status and losses of electrolytes for the
personal (athlete, coal miner, soldier) working in extreme environment (i.e. hot and humid) by monitoring the N+ and K+ in
sweat. In the severe environment with high temperature and humid, the sweating is the major way for the cooling of body,
however, the sweating caused loss of electrolytes. If the body cannot adjust the environment well enough, the accumulated loss
of Na+ (higher than 40 mM) will finally lead to muscle cramps or even heat stroke. Thus, monitoring the concentration of Na+

and K+ is of great importance for the health of people working in severe environment. It is worth to mention that during the
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body fluid testing, the concentrations of Na+ and K+ are also related to the pH value of the body fluid. Thus the simultaneous
detection of ionic concentration and pH value is usually required [57].

As shown in Fig. 7, Matzeu et al. assembled dual ion-selective electrodes on the polyethylene terephthalate (PET) layer of
a seven-layer microfluidic devices (Fig. 7 A), the polymethyl methacrylate (PMMA) and pressure sensitive adhesive (PSA)
layers in this microfluidic chip were fabricated using CO2 laser ablation (Fig. 7 B), the PSA layers were used for the bonding
between layers [56]. In this study,the researchers analyzed the relations of the output voltage and the concentration of Na+

using different electrode materials in the stationary cycling sessions (Fig. 7 C). A miniaturized wireless system was also
developed in this study for the data transfer [56].

Figure 7. Polymer-based multi-layer wearable microfluidic system for sweat Na+ monitoring. (A) Dual screen-printed
electrodes on a polyethylene terephthalate (PET) substrate; (B) different layers employed to build up the microfluidics
collecting system; (C) microfluidic chip positioned on the upper arm of the subject [56].

Nyein et al. used ion-selective electrodes to detect Ca+2 and pH value in sweat simultaneously [57]. Ca+2 detection
electrode was made with a combination of organic membrane containing neutral carrier calcium (ETH 129) and an ion-selection
transducer. The wearable microfluidic devices were attached to a flexible printed circuit board which handled the single process
and wireless data transmission. The sensitivity for Ca+2 was as high as 33.7 mV per decade [57].

Ingber et al. developed a microfluidic device which removes magnetized Escherichia coli bacteria from flowing solutions
containing red blood cells [74]. The same group also demonstrated a blood cleansing device that removes Candida albicans
fungi from flowing human whole blood with over 80% clearance at a flow rate of 20 mL/h [75]. Furdui et al. reported an
integrated silicon microchip for separation of Jurkat cells from reconstituted horse blood samples as well as human blood
(about 1:10,000 ratio of Jurkat cells to blood cells) [76]. Zborowski et al. demonstrated the separation of MCF7 cells (breast
cancer cell line) from mixtures of human leukocytes [77].

3. CONCLUSIONS
Wearable microfluidics is a cross-disciplinary field involving fields such as electronics, materials science, biological and
analytical chemistry. Advances in these related fields can affect or advance wearable microfluidics. However, currently
wearable microfluidics are still at an early stage. Large-scale commercial applications are still waiting to be discovered.

Compared with traditional blood draws for lactate, the epidermal biosensor is noninvasive, is simple-to-operate, and causes
no hindrance to the wearer. Future efforts are aimed at further miniaturization and integration of the electronic interface, data
processing, and wireless transmission of the results. Moreover, future studies will seek to concurrently correlate lactate levels
measured in the perspiration with those measured in the blood during a controlled fitness routine [78].
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The developed biosensing platform on integration with portable electronics has the potential to be a self-monitoring
wearable device for real-time tracking of human lifestyle [79].

Current detection methodsfor pH value, Na+ and K+ in sweat are focusing on the ion-selective membrane or electrodes,
which may experience signal drifting and require frequent calibration. It can be expected that, in the near future, more
researchers will turn to the electrochemical method using carbon nanotube (CNT) or graphene. Moreover, with the development
of biosensor, integration of wearable microfluidics with biosensor would be expected [29].

From the current researches, we can observe that the wearable microfluidic systems is still at its early stage which is hardly
considered the comfort of the wearers. This comfortlessness is mainly due to that the system is still too large and heavy. The
whole system may consist of the separated modules for sample collection, analysis, data transfer and power source. The recent
tattoo-like wearable microfluidics inspires the desire for the highly integrated wearable microfluidic system: the whole system
should be integrated in a single flexible substrate/film, which has excellent biocompatibility, gas permeability and small size.
Furthermore, the power source should also seek for some alternatives. A more compact battery or even the energy harvesting
system may be integrated in the wearable microfluidic system [29].
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