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3D integrated microfluid devices are a group of engineered microelectromechanical systems (MEMS) whereby the feature size and
operating range of the components are on a microscale. These devices or systems have the ability to detect, control, activate, and
create macroscale effects. On this basis, microfluidic chips are systems that enable microliters and smaller volumes of fluids to
be controlled and moved within microscale-sized (one-millionth of a meter) channels. While this small scale can be compared
to microfluid chips of larger applications, such as pipes or plumbing practices, their small size is commonly useful in controlling
and monitoring the flow of fluid. Through such applications, microfluidic chip technology has become a popular tool for
analysis in biochemistry and bioengineering with their most recent uses for artificial organ production. For this purpose,
microfluidic chips can be instantly controlled by the human body, such as pulse, blood flow, blood pressure, and transmitting
data such as location and the programmed agents. Despite its vast uses, the production of microfluidic chips has been mostly
dependent upon conventional practices that are costly and often time consuming. More recently, however, 3D printing
technology has been incorporated in rapidly prototyping microfluid chips at microscale for major uses. This state-of-the-art
review highlights the recent advancements in the field of 3D printing technology for the rapid fabrication, and therefore mass
production, of the microfluid chips.

1. Introduction

3D integrated microfluidic systems are engineered devices
that actualize the precise routing of microsized fluidic
streams for specific physicochemical and biological applica-
tions [1, 2]. Due to such precision, the use of microfluidic
devices is commonly known to be able to reduce the con-

sumption of materials and regulate fluid flow in essential
microscale environments [3]. The development of microfluid
systems took place during the 1970s and has found numerous
applications in automobile industry [4–7], medical technol-
ogy [8–10], printing [11, 12], and sensor systems [13–15],
as well as optical devices [16–18]. Despite such vast applica-
tions, in general, MEMS products are most commonly
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manufactured using traditional methods which include sur-
face microprocessing [19], body microprocessing [20], and
LIGA (Lithographie, Galvanoformung, Abformung (Lithog-
raphy, Electroplating, and Molding)) [21]. These methods
provide MEMS products to be more detailed and clearer by
increasing the number of manufacturing steps and process-
ing units that, in turn, increases the overall costs associated
with the production of MEMS. In the same way, for small
lab-scale research, this process generally results in a long
and costly cycle which is not favoured. To address this, most
recently, additive manufacturing (3D printing) techniques
have been introduced which can potentially eliminate the
disadvantages of conventional production methods used in
microfluidic fabrication. Such 3D products can be used as
microfluidics [22–24], micromechanical systems [25, 26],
optical systems [27], cell structures [28], and biomedical
devices [28–31].

With the term 3D printing being commonly defined as “a
process of joining materials to make objects from 3D model
data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies” 32, 3D printing, in that
respect, can potentially actualize rapid and easy prototyping
and increase the quality of the produced microfluidic devices
using different fabricating techniques. Such techniques to
produce microfluidic chips include but are not limited to
inject 3D printing, stereolithography (SL), fused deposition
modeling (FDM), material jetting, binder jetting, directed
energy deposition, and vat photopolymerization [32, 33].

In addition to the type of printing technique used, the
possibility of printing materials with high details using differ-
ent printing filaments is another feature of 3D-printed
microfluidic devices. The high transparency, as a result of uti-
lizing transparent filament, can effectively allow careful mon-
itoring of the fluid flow [1, 32, 34]. As a result, depending
upon the designated uses, resolution, colour, printing dimen-
sions, and proper filament can, therefore, be utilized.

This review presents the wide range of 3D printing tech-
nology and their application towards the fabrication of
microfluidic sensors and systems. Introduction regarding
the microfluidic chip technology, along with clean room, is
provided at the beginning which is followed by the imple-
mentation of the state-of-the-art 3D printing technology
and their applications for the fabrications of such systems.

2. Microfluidic-Chip Technology

Microfluidic chips can be defined as a collection ofmicrochan-
nels fabricated or constructed into a material, such as silicon,
glass, and polymer. They contain a mixture of interconnected
microchannels, which forms the microfluidic chip, to perform
the target operation or detection. These microchannels are
interfaced to the outside world through the chip, and it is via
these holes that gases or fluids are introduced and removed
from the microchip. Figure 1 shows the technological
advancements that have been achieved right from the inven-
tion of photolithography to the lab on chip [35].

From Figure 1, it can be deducted that the developments
that have been made in the field of microfluidic technology
are derived from the advancements in integrated circuits

(IC) and photolithography [36]. The development of micro-
flow sensors, micropumps, and microvalves dominates the
early phase of microfluids [37–39].

An example of such implementation of microfluidic chip
has been presented in the form of a T-junction which is used
to measure pressure [40]. It has been found that for filtration
purposes, the “T” connections on microfluidics become
blocked over time by fluids in droplet form thus causing
numerous application issues such as unwanted pressure
increase and variation in fluid velocity and acceleration, pro-
ducing undesirable results. As viscosity of the given fluid var-
ies, viscosity retention conditions in microfluidic channels
take place. For this reason, clogging may be inevitable for
microlevel channels. Figure 2 shows details regarding the
increase in blockage situation in a microfluidic chip according
to time. Based on the figure, the output over “T” suddenly
drops to 8μm level. At 0.4ms, it starts to block in the form
of droplets in the channel it comes from. Therefore, other
devices or methods should be incorporated in order to resolve
this issue. One way to address this tendency, for instance, is the
use of Laplace sensors to solve the problem of droplet blocking
at such return or connection points. As shown in Figure 2, a
turn in the “w” radius is put and thus, although the area used
is upstream, no narrowing has occurred in the channels.

Although microfluidic chip technology is still in its
infancy, viscosity and laminar flow are the most common
issues associated with its applications. According to Sanli
et al. [28], viscosity can be divided into Newtonian- and
non-Newtonian-type fluids. With the former referring to a
fluid whose viscosity does not change when a force is applied
(e.g., water, gasoline, and alcohol), the latter refers to a vary-
ing viscosity state of fluid when the applied force is a determi-
nant of the materials’ viscosity (e.g., starch-water or
ketchup). In the same way, the flow motion of this process
can be classified as laminar and turbulent flow which refers
to the regularity of flow of a fluid in a given medium.

Extending on the above application, a lab-on-a-chip
microfluidic device has been presented by Chien and Parce
[41]. An algorithm has been developed, to address the clog-
ging issue, which works by calculating the pressures in the
multiport flow control study for lab-on-a-chip microfluidic
device. For this purpose, additional devices with an external
pressure increasing multiport input have been incorporated.
Through this process, a pressurized fluid such as the dye mix-
ture and enzyme assay is often used along with a computer-
controlled multichamber pressure/vacuum control unit with
voltage and current input which has been built using the
syringes used in the system (see Figure 3).

In this experiment, it has been revealed that the external
pressure control and the predicted expectations are very close
to each other. In this way, it was emphasized that a new way
can be incorporated for biochemical experiments with the lab
on a chip. It was further noted that the ability to control fluids
flowing in microfluidics is always a leading feature. In addi-
tion, it was shown in that it is possible to direct many fluids
within channels using a multiport system.

Many similar terms such as “Micro-fluids,” “MEMS-
fluids” or “Bio-MEMS,” and “microfluidics” have also
emerged over time as the name of a new research discipline
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dealing with transport paths and liquid-based devices at
microscopic length scales. Figure 4 shows a scale to better
distinguish microfluids or roughly MEMS and nanofluids.
These devices can be completely distinguished from each
other by size or volume [43–51].

Microfluidic devices have microchannels, having one
dimension of at least 1 to 100μm, that deal with the manip-
ulation of liquids or gases [53, 54]. The fabrication of these
microchannels having such dimensions is due to the silicon
microprocessing-enabled channels that allow the features to
be produced with a precision of 1μm. This technological
achievement has enabled the reduction of micro- (10-6) litres
to atto- (10-18) litres of liquid volume. For further illustration,
the analytical and economic advantages of microfluidics are
listed in Table 1.

2.1. Microelectromechanical Systems (MEMS). The term
MEMS nowadays is used to refer to almost all types of min-
iaturised devices, such as 3D microstructures, mostly fabri-
cated from silicon semiconductor while utilizing techniques
that are the derivative of the recent developments in micro-
fabrication industry [55]. With the development of semicon-
ductor technologies, different MEMS production techniques
have also started to develop. MEMS manufacturing tech-
nique procedures are somewhat similar as compared with
ICs. With microfabrication, a large number of cheaper-cost
products have been produced. Special microprocessing tech-
niques have been developed for MEMS devices that cannot
potentially be produced with traditional manufacturing
techniques. These production techniques have advanced
with the development of technology and can be classified
as follows [56]:

(i) Bulk micromachining

(ii) Surface micromachining

(iii) Wafer bonding

(iv) Lithographie, Galvanoformung, Abformung (LIGA)

(v) Other microprocessing techniques

The bulk micromachining technique is the oldest micro-
processing technique. It is also highly preferred in MEMS
technology. In this process, the material is fabricated within
the desired limit via a number of steps. Bulk microprocessing
is generally done in 2 different ways as wet and dry etching
[57]. In wet etching, an acid-based liquid is applied on the
specified material and is used which is widely used in MEMS
production due to its fast and high selectivity. Nonetheless,
the rate of etching can vary depending on many factors.
Crystal structure of the material, residence time in the solu-
tion, type of doping, etc. are commonly known factors that
affect this process [58]. A process which relies on the removal
of the masked semiconductor material via the exposure to
ion bombardment and reactive gases resulting in removing
the masked portion of that material is known as dry etching
[59]. These processes are further developed to make the final
product, i.e., microfluidic chips, much smaller in size.

In addition, there are two types of wet chemical etching
in the body microprocessing. These are classified as isotropic
and anisotropic. In isotropic wet etching, since the rate of
etching does not depend on the crystal structure of the
material, the etching is distributed equally in all directions.
It is made with chemicals such as hydrofluoric acid (HF)
and hydrochloric acid (HCl). Illustrated in Figure 5, abrasion
proceeds at the same speed in all directions and circular-
shaped structures are obtained on the material. The aniso-
tropic etching, however, does not spread equally in all
directions since the rate of etching depends on the crystal
structure of the material. It is made using solutions such as
potassium hydroxide (KOH) and tetramethylammonium
hydroxide (TMAH). As can be seen in Figure 5, it carries
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Figure 1: Timeline indicating advancements in the microfluidic technology [35].

3Journal of Nanomaterials



28
24
20
16
12

w 
(t)

 [μ
m

]

8
4
0

0 0.4 0.8 1.2

t [ms]

1.6

(a)

Pc
Pd

Pout
w

(b)

0 ms

0.2

0.4

0.6

0.8

(c) (d) (e) (f)

Figure 2: Microfluidic droplet: (a) time-dependent measurements of the emerging drop contour width at its narrowest point; (b) T-junction
drop maker with three Laplace sensors used to measure the pressures in the continuous fluid upstream of the drop maker Pc, downstream of
the drop maker Pout, and in the dispersed fluid Pd; (c) image sequence showing the evolution of the formation of a drop; (d–f) simultaneous
snapshots of the interfaces at the Laplace sensors at high magnification. Reprinted by permission from [40].
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out different etchings in different crystal directions. The
speed of erosion is also a variable with direct relation with
the atomic density.

In general, however, any etching process requires a mask-
ing material that has a high selectivity with respect to the sub-
strate material. Common masking materials for isotropic wet
etching include silicon dioxide and silicon nitride. Silicon
nitride has a lower wear rate compared to silicon dioxide
and is therefore used more frequently [62].

The most commonly used method in the body micropro-
cessing technique is deep reactive-ion etching (DRIE) with
dry etching. DRIE is one of the new technologies of MEMS
device manufacturing. With this technology, very high abra-
sion depth and height can be achieved. Assuming that the
substrate plate used is silicon, the etching depth with this
method can be in size of a thousand of microns [62].

Surface microprocessing is created by coating thin layers
on the silicon plate. In body microprocessing, this is the
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Figure 4: Some sample scales for comparison of microfluidic and nanofluidic device sizes [52].

Table 1: Advantages of microfluidics.

Microfluid advantages Description

Less sample and reagent
consumption

Microfluidic devices require less sample volume for traditional methods or analyses.

Improved heat transfer The higher surface area/volume ratio of microfluidic channels increases the effective thermal dispersion.

Faster separations Stronger electric fields cause faster sample throughput.

Electrokinetic orientation
Electroosmotic flow allows fluids to be pumped with a flat “plug-like” velocity profile applied only over

electric fields.

Low power consumption Fewer components and improved heat dissipation require less power input.

Paralleling Several assays can be mixed or analysed in parallel on a single chip.

Portability Thanks to system integration and low power consumption, it can perform portable conductive analysis.

Improved separation efficiency Efficiency in electrophoretic and chromatographic separations is proportional to L/d.

Isotropic etching

L1a

L1b

L1n0vidth
L1a = 155.67 𝜇
L1b = 45.99 𝜇
L1c = 0.0 Deg 10 𝜇n
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Figure 5: Isotropic (a) and anisotropic (b) etching. Reproduced with permission from [60, 61].
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opposite, and structures are created by material removal. As
shown in Figure 5, a temporary coating (for example silicon
dioxide) is first made on a plate. Then, the material of the
final MEMS device to be produced is coated on this structure
using a thin film. With the completion of these processes, the
temporary material is removed with some solutions and the
real material remains.

Examining the steps for the surface microprocessing, pre-
sented in Figure 6, it can be observed that the process is a bit
complicated and likely to cause problems. Whether the prop-
erties of all materials and solutions to be used in this tech-
nique are suitable or not for this method should be
compared in detail. One of the most important issues in this
technique is that the solution to be applied to remove the
temporary layer should be very careful against damage to
the permanent material. It should be noted that etching pro-
cesses cannot be too fast and effective at the same time.

The method of forming multiple layers at microlevels is
commonly called the plate joining microprocessing tech-
nique (i.e., wafer bonding). There are three different types
of microprocessing techniques used in this regard that
include direct bonding, anodic bonding, and bonding using
interlayer. In order for these layers to be combined, the layers
must be smooth and clean [62].

Anodic coating, which is a special surface coating for alu-
minium, is applied as a sodium glass or silicone coating. This
relationship is established by applying certain temperatures
and tension. Metal, polymer, or glass plate is used for these
intermediate plates. The direct joining method is usually
achieved by adhering to the silicone layers [64, 65].

Lithography, Galvanoformung (electroplating), Abfor-
mung (also press molding) is a microprocessing technique
consisting of words such as LIGA [66]. It is another tech-
nique that has emerged to respond to the demands and needs
of the developing MEMS devices. It is the method that
enables MEMS devices that cannot be produced with silicon
processing techniques to be produced in 3D-printed plastic
structures, metal ceramics, etc. where LIGA technique is
employed to reveal the structures.

Another micromachining technique, laser micromachin-
ing, works by applying energy to the required area by sending
very short light through factors such as wavelength, energy,
and power, depending on the laser type. Electrodischarge
micromachining is another widely preferred microproces-
sing technique for materials with electrical conductivity. It
is especially preferred in complex systems. Microprocessing
with a focused ion beam is preferred for very small sizes
(nanolevels). The main element of microprocessing, in this
technique, is the voltage rise and fall. Voltages can range
from a few kiloelectron volts (keV) to a hundred times kilo-
electron volts [62].

In general, microfluidic chips are devices that work on
the principle of liquid transport, which significantly reduces
the complexity and power consumption of mechanical tests.
For example, electroosmosis is a process in which bulk elec-
trolytic fluid in a channel is entrained through viscosity by
moving ions near a naturally charged channel wall by the
application of an electric field [67].

Several analytical performance measures can be
improved through miniaturization. One of the most obvious
advantages of the smaller channel sizes is reduced reagent
consumption, resulting in less waste and more efficient test-
ing. Reduced reagent consumption becomes particularly
advantageous for many biological applications where
reagents can be very expensive and sample volumes are often
limited. In addition, the separation efficiency of chromato-
graphic and electrophoretic systems is proportional to L/d
(the length of the separation channel over its diameter).
Therefore, long and narrow channels provide improved
peak-to-peak resolution.

Because they are very narrow, microfluidic channels also
have flowed with very low Reynolds numbers; i.e., Re<1 flow
is laminar. Such laminar flows prevent additional dispersion
from affecting the bandwidth of a separate plug. However,
diffusion is more pronounced on smaller scales and is advan-
tageous for mixing applications where mixing can only be
done by diffusion, despite very laminar flow. Additionally,
narrow channels dissipate heat more efficiently and allow

Deposit & pattern oxide

Oxide Poly-Si Anchor Cantilever

Si substrateSi substrateSi substrate

Sacrificial material: Silicon oxide
Structural material: Polycrystalline Si (poly-Si)
Isolating material (electrical/ thermal): Silicon nitride

Deposit & pattern poly Sacrificial etch

Figure 6: Microfluid surface microprocessing, reprinted with permission from [63].
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stronger electric fields in electrophoretic systems without
adverse heating effects on separation efficiency. As a result,
tests will take less time as higher electric fields lead to faster
separations.

2.2. Cleanroom System. The cleanroom system is a system
used in production or scientific research and does not contain
high levels of environmental pollutants. Some special mea-
sures should be taken in order to provide the desired level of
cleanliness in the cleanroom system. Clean rooms are used
in many sectors such as for the manufacturing of semiconduc-
tor devices, which is a key ingredient of MEMS [68].

The modern cleanroom system was invented by the
American physicist Willis Whitfield. This work was con-
ducted at the Sandia National Laboratory. Whitfield devel-
oped the cleanroom system in a modern way by using the
filter system effectively in his study. Earlier cleanroom sys-
tems had many problems with unpredictable airflows [66,
68, 69].

Clean rooms can be used in any industrial area where
small levels of particles can adversely affect the production
process and can differ in size and complexity. Cleanroom sys-
tems are mainly used in the fields of biotechnology, semicon-
ductor production, life sciences, pharmaceutical industry,
and medical device production [66, 68, 70].

Since cleanroom systems are used in many applications,
there are many cleanroom classes according to their usage
areas. The HVAC (Heating, Ventilating, and Air Condition-
ing) design that the cleanroom will use is also made accord-
ingly. HVAC ventilation concerns many related areas.

Cleanroom systems are classified for ease of use. There
are many classification standards available today. The most
commonly used of these classification types is Federal Stan-
dard 209E and ISO 14644 Clean Room Standard that has
been prepared for cleanroom systems and cleanroom envi-
ronments [71].

As given in Table 2, for example, the habitable ambient
air corresponding to the ISO 9 class contains a maximum
of 35 200 000 particles with a diameter of 0.5μm and larger
per cubic meter. An ISO 4 class cleanroom allows a maxi-
mum of only 352 particles per cubic meter of 0.5μm or
greater. The actuator in this study was also produced in class
4 of ISO.

To control the fabrication processes, generally, validation
procedures are carried out. Validation processes, in that
sense, can be defined as control of systems and documenta-
tion. The main purpose of the validation process is to control
every part of the fabrication process [71].

Cleanroom systems can withstand air, humidity, heat,
and temperature controls and contain certain particles
according to class types. Many tests are carried out in the
cleanroom. The purpose of these tests is to understand that
the system is working correctly. Otherwise, problems may
arise according to the application to be made. The main tests
performed are as follows:

(i) Measurements regarding the number of particles

(ii) Measurements related to pressure gauge operations

(iii) Humidity and temperature treatments

(iv) Control tests

(v) Air control tests

(vi) Filter (Hepa) control tests [71]

2.3. MEMS Manufacturing Techniques with 3D Printer.
Recently, with the development of MEMS production
methods, 3D printers, which can manufacture materials
through the additive manufacturing technique, have been a
novel way for the production of these devices due to both
cost-effectiveness and the ease in manufacturing. The ongo-
ing requirements such as the basic workflow and clean room
used in the production of MEMS make production processes
difficult from time to time. However, by using 3D printing,
MEMS can be produced in any potential environment with
the additive manufacturing method (Figure 7).

Due to their rapid design iteration and because of their low
production, infrastructure, and maintenance costs, 3D print-
ing continues to be an encouraging alternative compared to
traditional techniques such as lithography. The recent devel-
opment in the technology allows the fabrication of complex
microfluidic devices (Figure 8), makes procedures fasters,
and is cheaper, therefore, making it attractive to more users.

With the recent advancements in 3D printing technolo-
gies, highly complex microfluidic devices can be fabricated
via single-step, rapid, and cost-effective protocols, making
microfluidics more accessible to users.

2.4. Photopolymerization 3D Printing (Also
Stereolithography). Stereolithography refers to one of the ear-
liest additive manufacturing technologies that emerged in the
early 1980s, commonly used for creating models and proto-
types through a selective curing of a photopolymer by a UV
using laser. As a result, the word stereolithography, a combi-
nation of the words “stereo = solid” and “lithography = print-
ing by light” is used for this process. After its introduction by
3D systems, other institutions produced microstereolithogra-
phy system and were able to produce devices capable of 3D
production at microlevels. At a microlevel, microstereolitho-
graphy fabrication techniques used for MEMS fabrication are
commonly examined in 3 groups:

(i) Projection microstereolithography (mask projection):
projection microstereolithography (PμSL) is a multi-
functional and low-cost process that enables rapid
production of ceramic products by 3D microfabrica-
tion using complex microsized polymer structures,
electrolysis, or resin additives [69]. PμSL enables the
rapid production of complex 3D microsized struc-
tures, on a layer-by-layer basis (see Figure 9(a)). In
addition, PμSL uses the most advanced digital micro-
display technology with patterns that are both digital
and dynamic. This method combines the prominent
features of common stereolithography and projection
lithography, creating rapid photopolymerization of all
structures with a microlevel layer resolution of UV
light. The materials used during the manufacturing
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process can be changed easily [81]. The user can con-
trol the printing speed, UV light’s intensity, and
depth/height of the structure, letting them fabricate
a variety of complex structures, such as spiral domes,
pyramids, and microwells [82, 83] (Figure 9(b))

(ii) Two-photon polymerization: another 3D printing
technique used is two-photon polymerization

(2PP) method which makes it possible to print out
many complex products by making the fabrication
production quickly and simply. Also, the high reso-
lution in the printouts allows this technique to stand
out [85]. In the 2PP method, it is the reactions that
make it possible for the light-sensitive material to
polymerize with a resolution of up to 100nm. Under
these conditions, the material is only exposed to the
laser beam for femtoseconds (10-15 seconds) [86]

Table 2: Cleanroom standards (reproduced from ISO/DIS 14644-1) [72].

ISO classification number (N)
Maximum allowable concentrations (particles/m3) for particles equal to and greater than the

considered sizes shown belowa

0.1 μm 0.2 μm 0.3μm 0.5 μm 1 μm 5 μm

ISO class 1 10b d d d d e

ISO class 2 100 24b 10b d d e

ISO class 3 1 000 237 102 35b d e

ISO class 4 10 000 2 370 1 020 352 83b e

ISO class 5 100 000 23 700 10 200 3 520 832 d, e, f

ISO class 6 1 000 000 237 000 102 000 35 200 8 320 293

ISO class 7 c c c 352 000 83 200 2 930

ISO class 8 c c c 3 520 000 832 000 29 300

ISO class 9g c c c 35 200 000 8 320 000 293 000
aAll concentrations in the table are cumulative; e.g., for ISO class 5, the 10 200 particles shown at 0.3 μm include all particles equal to and greater than this size.
bThese concentrations will lead to large air sample volumes for classification. Sequential sampling procedure may be applied. cConcentration limits are not
applicable in this region of the table due to very high particle concentration. dSampling and statistical limitations for particles in low concentrations make
classification inappropriate. eSample collection limitations for both particles in low concentrations and sizes greater than 1 μm make classification at this
particle size inappropriate, due to potential particle losses in the sampling system. fIn order to specify this particle size in association with ISO class 5, the
macroparticle descriptorM may be adapted and used in conjunction with at least one other particle size. gThis class is only applicable for the in-operation state.

Micro stereo lithography

Inkjet printing

Multi-jet/ pol-jet

Modelling
Additive laser direct

Fused deposition

Modelling

Figure 7: Additive manufacturing methods [73–75].
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(iii) Continuous liquid phase production: in the continu-
ous liquid phase production (CLIP) technique,
product output can be obtained only with photo-
polymers in the material with microstereolithogra-
phy. However, in μSL, there is a long production

time and a gradual interface between each printing
layer. However, with the developing technology,
the “continuous liquid phase production” defined
as “CLIP” has completely eliminated the problems
mentioned earlier. In this technique, microsized 3D

Pre-THF

(a)

Pre-THF 200 𝜇m

(b)

Cast PDMS and partially
cure for 15 min

Peel off PDMS
from master

PDMS

Crack

1.25 mm 250 μm

Empty
channel

3D printed master

Further cure the
partially cured
PDMS in the oven
for 4h at 80°C to
thermally heal
the cracks

Thermally bond the
chip on a slab of
PDMS

3. Loas dye solution

1.

2.

(c)

(d)

Figure 8: Template and surface of 3D-printed microfluidic devices. (a, b) Images showing the surface roughness of a polylactic acid fused
deposition modeling (FDM) template before and after smoothing with tetrahydrofuran (THF) solvent. Panels adapted with permission
from references [76, 77] (copyright 2016, Royal Society of Chemistry). (c) A method of casting a fully 3D device. Polydimethylsiloxane
(PDMS) is cast over a 3D-printed template and allowed to partially cure. The PDMS is cracked and peeled off the template and then
allowed to fully cure before filling with fluid for experiments. Adapted with permission from reference [78] (copyright 2015, Springer
Nature). (d) Sandwich-style planar mixers are printed with FDM and then sandwiched between two surfaces with interface connections to
form fluidic devices. Adapted with permission from reference [79] (copyright 2015, IOP Publishing) [80].
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mesoshapes without layers can be used at high speed
and with vertical extrusion. The most striking fea-
ture of this technique is the provision of abundant
oxygen permeability in terms of oxygen, which pre-
vents photopolymerization. That is, in this tech-
nique, there is a continuous homogeneous
production [68, 87]. In addition, product outputs
of elastic ceramics and biological materials can be
obtained with this technology. Prototyping andmass
production may also be preferred in large-width
MEMS devices [68]

In general, 3D printing techniques are implemented to
fabricate microfluidic channels that are designed in different
shapes and sizes [22]. The designs are fabricated to analyse
the performance of the 3D printer which was then found to
be able to print structures with at least 50μm dimensions
[22]. In this study, two different production methods were
developed to optically improve the produced 3D structures.
Those are the 3D structures being bonded to glass surfaces
with polydimethylsiloxane (PDMS) and clear resin inter-
layers. The adhesion between the glass surface and the 3D
structures was achieved with UV application for the resin
and through the use of elevated temperature for PDMS. For
different thicknesses of PDMS and resin interlayers, the
bonding strength of the produced channels is commonly
examined. Bright-field and fluorescence imaging properties
of these channels are also usually analysed. As a result, twice
the bond strength and comparable viewing capacity, com-
pared to the PDMS-glass surface adhesion and compared to
conventional plasma, can be achieved. In addition, using
the presented production method, 3D structures are able to
integrate protein-coated glass surfaces without disrupting
the protein’s functionality.

2.5. Powder Bed Fusion (Additive Laser Technique). Powder
bed fusion refers to an additive manufacturing process in
which a laser (thermal energy) selectively fuses regions of a
powder bed. In this process, generally no support is required
for the creation of the section. To produce microfluidic chips,
different types of powder bed fusion are currently being used.
Laser microsintering (LMS), for instance, is a powder metal-
lurgy technique developed by Deckard and Beaman to make
cast models from plastic powder. Its origin dates back to the
1980s, and it is called selective laser sintering (SLS) [88, 89].
In the working system, powder groups consisting of metal
powders in a bed are melted or sintered by a laser beam. This
process is a powder welding process to make a solid part or
attachment to a previously determined computer-generated
3D model [90]. Most of the powders used in this technique
are metals (Ag, Al, Cu, and stainless steels) or polymers in
addition to some ceramics which can be processed using this
technique [88].

Bohandy et al. [91] developed a matrix-assisted pulsed
laser evaporation technique, which is a derivative of laser-
containing advanced transfer (LIFT), in 1986. This technique
is used to create layers in one plane directly using the laser. It
consists of a receiver and a transmitter. The donor material is
transparent, and a thin-film method such as coating and
spraying is used. In the data layer, it has two important fea-
tures that can absorb the preferred wavelength and ensure a
rapid supply of sufficient material in the case of continuous
pressure [92, 93]. Metals such as chromium, tungsten, gold,
nickel, aluminium, copper, and vanadium, which are found
in many different types, can be plated [94–96].

Laser chemical vapor coating (LCVD) is used in the pro-
duction of complex parts, which can coat many different
types of materials. The LCVD process is generally created
in a vacuum chamber with the separation of the by-product

Image flowfrom ferrule model
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optics
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Layer-by-layer polymerization
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Concentric-wel
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Figure 9: (a) Projection microstereolithography (PμSL) setup: UV-light projects to the DMDmirror, which produces an optical pattern. The
optical pattern projects across an optical lens to the photosensitive biomaterial to construct a 3D scaffold in a layer-by-layer method. (b) SEM
images of the variety of printed microwells [83, 84].
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that a precursor gas accumulates on the structure by laser
beam during scanning. There are two laser-assisted groups
that are divided into pyrolytic LCVD and photolytic LCVD.
The process in which the precursor gas is thermally decom-
posed by laser heat on the layer is called the pyrolytic LCVD
process while the process by which photon energy is
absorbed by the precursor gas is called the photolytic LCVD
process [97] which is commonly used for the metal deposi-
tion process, carbonyl, alkyl, halogen, oxyhalite, etc. while
precursor gases are preferred; alkyls or alkyl halogens are
generally preferred for semiconductors [98–102].

2.6. Material Jetting (Ink-Based 3D Printing and Extrusion).
Extrusion-based and material jetting 3D printing refers to a

series of 3D printers that utilize a nozzle to directly print
molten materials from a constant cross-sectional diameter
nozzle. In this process, the molten material is liquified
and bonds with the previously printed layers and sections.
In this process, photomonomers, in solution with nano-
particles in colloidal suspension, and inks, which can be
found in several different types in organic or inorganic
solvents, containing metallic and nonmetallic components
are selectively deposited. This process can further be
divided into the following [103]:

(i) Direct part printing: this includes printing sections
with photopolymers and waxes by directly printing
the parts

(i) Print (ii) Cast

(i) Evacuate (ii) Add cells, perfuse

(a) (b)

500 𝜇m

50 𝜇m

(c)

Figure 10: 3D-printed organs on chips in an ink-based printer technique: (a) illustration and (b) photograph of the extrusion-printing
process of a kidney proximal tubule on a chip. (c) An immunofluorescent stained image of the inkjet-printed tubule [84].
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Figure 11: New approaches for 3D printing of microfluidic devices and structures. (a) Two-photon polymerization of a spring diode inside a
microfluidic channel. Adapted with permission from reference [107]. (b) Instrumentation setup for CLIP. The build platform is continuously
raised out of a resin vat, and polymerization is enabled by an oxygen-inhibited dead zone above a permeable window. Adapted from reference
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by UV light. Adapted with permission from reference [77]. (d) Image angle breakdown and instrumental setup for CAL 3D printing.
Abbreviations: CAL: computed axial lithography; CLIP: continuous liquid interface printing; DLP: digital light processing [79, 80].
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(ii) Binder printing: this technique refers to a rather
broad class of processes whereby the binder is printed
onto powder bed

To manufacture microfluidic chips and devices by using
this technique, generally the direct part printing is utilized.

An application of the ink-based printer technique is
shown in Figures 10 and 11.

In this process, a thermal actuator or piezoelectric actua-
tor is commonly used to allow ink droplets to contact a sur-
face. In this section, ink droplets can be used as separate
droplets from time to time (the drop-and-demand (DoD)
method) or as a continuous inkjet (CIJ) method by recycling
unused ink fluid. Since the control area for the material dis-
tributed in the DoD is larger, it is more suitable for microfab-
rication [104].

2.7. Other 3D Printing Techniques. Other 3D printing tech-
niques include Multi Jet technology which combines inkjet
and stereolithography 3D printing methods. A multi-ink-
based model is created by spraying photopolymer resins on
a layered structure. PolyJet materials harden as a result of
being exposed to UV rays for a short time, and the product
is formed after stratification. Multi-Jet technology enables
the production of especially smoother, more precise, and
higher resolution products.

In addition, hybrid products can be produced by mixing
plastic, flexible, and transparent material derivatives in 3D
printing [105, 106].

Nowadays, it is easy to print 3D products between 70 and
200 microns with Multi Jet and FDM technologies. This scale
is not very suitable for MEMS devices.

3. Conclusions and Future Perspective

Microfluidic chips and devices are able to downscale bio-
chemical and biomedical processes to a portable micro- and
nanosized scale. Such engineered devices allow a better con-
trol over fluid flow and provide microenvironmental control
over variables that can have major uses in autonomous appli-
cations. As a result of its numerous contributions, in this
review study, the manufacturing technologies used in the
design and manufacture of micro- and nanoscale sensors
and their subcomponents were examined. According to the
results of the experimental studies, the following inferences
have been made:

(i) Options in production technologies include changes
according to the working and measuring features of
the designed sensor. There is an increasing tendency
to use the FDM method in the selection of the pro-
duction method. However, it is related to the proper-
ties desired to be produced by chemical or physical
interaction

(ii) The sensors to be produced have morphological fea-
tures that can be used in every field from biomedical
to aviation. However, product expectations may not
be sufficient for uniform material composition.
Printers that are hybrid and can produce different

types of materials (metal-ceramic-polymer) should
be used in expanding the product range. The selec-
tion of production methods varies in the characteris-
tics of the sensor to be produced

(iii) The choice of matrix material in the production of
composite, coating, and other production methods
causes all properties to change
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