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analysis systems (μTAS), has been explored by various 
industries for diverse applications. In particular, some 
biological applications include cell sorting and isola-
tion (Benavente-Babace et  al. 2014; Holmes et  al. 2014; 
Nagrath et  al. 2007), biosensor and diagnostic (Moltzahn 
et  al. 2011; Shih et  al. 2013; Yan et  al. 2011), pharmaco-
logical testing (Kuo et  al. 2014; Novik et  al. 2010), and 
bioreactor for coculture and maturation of microorgans. 
Moreover, several performances can be integrated within a 
single chip which isolate cells and perform DNA analysis 
(qPCR) (Rival et al. 2014). The application of microfluidic 
systems in tissue engineering studies includes processing 
of biomaterials [microbeads (Wang et  al. 2011) or micro-
fibers (Kang et al. 2011; Onoe et al. 2013)] and cell sort-
ing and focusing (Bhagat et  al. 2008; Huang et  al. 2004; 
Yamada et al. 2004)].

In addition, multi-cellular tissue spheroid formation is 
an area that has garnered much attention for a variety of 
applications, including drug testing in cancer research and 
more recently as the building block for the 3D printing of 
organs. Hence, microfluidic design such as physical traps 
(Wu et  al. 2008), rotation flow of two parallel inlet chan-
nels with opposite flows (Ota et al. 2010a, b, 2011; Takai 
et  al. 2013a, b) and droplet-based encapsulating micro-
fluidic device have been widely investigated (Chan et  al. 
2013; Sakai et al. 2011; Yu et al. 2010).

For biological applications, the dimensions in microfluid-
ics are generally designed in the range of 100–1000 microns, 
unless single-cell analysis is intended for the microfluidic 
chip which requires small scales (Young and Beebe 2010). 
The fabrication of most microfluidic chips relies on photo-
lithography technology with elastomeric material, such as 
poly (dimethylsiloxane) (PDMS), for making the micro-
fluidic device. Other fabrication methods include emboss-
ing, injection molding, and laser ablation (Fiorini and Chiu 
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1  Introduction

First developed in the 1970s as a gas chromatograph, the 
microfluidics, also known as lab-on-chips or micrototal 
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2005). Such fabrication methods generally produce microflu-
idic chips with two-dimensional (2D) planar designs (Capel 
et al. 2013). More intricate designs would lead to increased 
manufacturing complexity through methods such as direct 
projection on dry-film photoresist (Zhao et al. 2009), ‘mem-
brane sandwich’ method (Anderson et  al. 2000a), and the 
femtosecond laser direct writing (Liao et al. 2012).

Additive manufacturing (AM) technique, also known as 3D 
printing, may serve as an alternative fabrication tool due to its 
ability to produce complex and multi-level geometry (Chua 
et al. 2005; Khoo et al 2015; Vaezi and Yang 2015; Yeong et al. 
2005). Various materials can be used in 3D printing including 
hydrogels, polymers, metals, and ceramics (Lee and Yeong 
2015; Sing et  al. 2015; Wang et  al. 2015; Yeong et  al. 2004, 
2014). The printing of microchips was pioneered by McDon-
ald et  al. (2002) who investigated the printing of templates 
for PDMS casting using a solid-based printer. One of the first 
direct printing of microchip was accomplished by Moore et al, 
involving microfluidic compact disk (Moore et al. 2011). The 
versatility of 3D printing has also spurred the development of 
auxiliary components, e.g., the 3D-printed microchip intercon-
nect with gasket and clipping mechanism, which was designed 
for addressing issues at the world-to-chip interface (Paydar et al. 
2014). 3D-printed microfluidic chips can integrate intricate fea-
tures such as membrane-like valve within the microchannels to 
regulate fluid flow (Au et al. 2015; Rogers et al. 2015).

A number of works, as summarized in Table 1, character-
izes 3D-printed microfluidic systems, in terms of the geo-
metrical aspects and surface conditions of the printed parts, 
using a variety of printers and build materials. These works 
did not provide a comprehensive examination of microfluidic 
features, e.g., slanted channels, and the printing repeatabil-
ity, which is a key factor for evaluating the performance of a 
printer. The current work describes the design, fabrication, and 
characterization of microfluidic chip features for evaluating 
the applicability of 3D printing for making tissue engineering-
based microfluidic platforms. Printing resolution, accuracy, 
and repeatability were examined. Surface roughness and water 
wetting ability were evaluated. Biocompatibility of the printed 
pieces under a number of treatment conditions was investi-
gated. The paper also discusses some limitations and design 
criteria of 3D-printed microfluidic chips.

2 � Materials and methods

2.1 � The printing process

The inkjet printer used is the Object Eden350V (Stratasys) 
with FullCure 720 model material and FullCure 705 support 
material. Briefly, the STL files of the parts were imported to the 
printer software Object Studio. The glossy mode was selected 
for printing of the parts. The completed parts were washed with 

water jet and subsequently immersed in ultrasonic bath (Sono-
rex Super) for 10 min for the removal of the support material 
(Yap and Yeong 2015).

The fused deposition modeling printer (FDM) used is 
Dimension Elite (Stratasys) with ABSplus-P430 filament as the 
model material and P400SR filament as the support material. A 
layer thickness of 0.178 mm was selected for printing. The Cat-
alystEx software converted the STL file into the print paths. The 
support materials were removed using the SCA-1200 support 
removal system, which involves the soaking of the printed parts 
in aqueous sodium hydroxide (70 % w/v NaOH) overnight.

2.2 � Design of microfluidic chips

The test piece was designed using SolidWorks 2014 CAD 
software and exported in the STL format (Fig.  1). Features 
were measured for the evaluation of printing resolution, accu-
racy, circularity, surface roughness, and water contact angle.

2.3 � Characterization

All physical measurements were performed at least five 
times to achieve statistically significant results. For quali-
tative results, the scanning electron microscope (Jeol JSM 
5600-LV) and inverted microscope (Olympus Inverted 
Microscope CKX41) were used. Image J Software was used 
to quantify and measure the dimensions of printed part.

2.3.1 � Printer repeatability testing

The printer repeatability in terms of the printing accuracy 
between parts in a single build on different locations of the 
printer platform was done for Trench X, Y and Z with nom-
inal dimensions of 400 μm in all three axes. Each of the 
features was printed five times at random locations on the 
printer platform. Single-factor ANOVA was performed.

2.3.2 � Surface roughness measurement

Surface roughness was measured using the Plμ Sensofar 
confocal image profiler. The available system is capable of 
profiling a maximum slope of 51° using a 100 × EPI objec-
tive for a smooth surface, and a maximum field of view was 
700 × 525 μm2 with a 20 × EPI objective for a single-profile 
measurement. This system provides non-contact, nondestruc-
tive fast sampling of high aspect ratio and steep samples.

2.3.3 � Water contact angle measurement

The contact angle measurements were made using the Atten-
sion Theta optical tensiometer and the accompanied software 
from Biolin Scientific. Five microliters of distilled water was 
dispensed onto the printed platform for examination.
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2.3.4 � Biocompatibility test of model materials

In total, 0.7 × 106 cells C2C12 cells were seeded onto printed 
samples (circular disk: 400 mm2 × 2 mm) that have undergone 
process conditions stated in Table 2. The samples were incu-
bated at 37 °C overnight in a 5 % CO2 incubator in medium 
(Dulbecco’s modified Eagle medium (Serana), 10  % Fetal 
Bovine Serum, 1 % Antibiotics). Subsequently, cells were pre-
pared for fluorescence staining using the Live/Dead Cell Dou-
ble Staining Kit (Sigma-Aldrich®). Cell viability was assessed 
using fluorescence microscopy and quantified using ImageJ 
software. Sterilization conditions using UV and 70 % ethanol 
were investigated. Other sterilization method such as high-
temperature autoclaving (120 °C, 20 min) was not chosen due 
to the polymer low melting temperature (~60 °C for FullCure 
720).

3 � Results and discussion

3.1 � Simplified process of 3D‑printed microfluidic 
devices

This paper provides a systematic layout of steps in 3D 
printing of microfluidic chips. Through this case study, we 
showed that process chain of microfluidic fabrication can 

now be simplified into three major steps, namely pre-print-
ing, printing, and post-printing stages (Fig. 2). This study 
also provides a comprehensive outline of design and pro-
cess selection criteria in 3D-printed microfluidic chips for 
general biological and cell-based applications.

3.2 � Printing resolution, accuracy, and circularity

For tissue engineering applications, resolution and accuracy 
of the fabricated chips are essential considering the fact 
that cells are in the order of 20 μm. For example, passive 
particle separation devices such as the deterministic lateral 
displacement device rely on cell size as the basis for frac-
tionation (Huang et  al. 2004). Channel aspect ratio (AR) 
was found to play a role in directing flows in a stacked 3D 
device (Ismagilov et al. 2001), as changes in AR impact the 
relative resistance encountered at the intersection between 
crossing conduit.

Fig. 1   a CAD drawing of the testing parts and the orientation of print. b Sample of printed parts using inkjet printer. c Features measurement

Table 2   Sterilization condition

Sterilization condition Duration

UV exposure 1 h

70 % Ethanol 0.5 h

UV exposure + 70 % ethanol 1 h followed by 0.5 h respectively
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Preliminary tests were performed for determining the 
resolution of printing in all three axes (Fig. 3). No observ-
able feature is shown in channel with nominal x and z 
dimensions of 100 and 500 μm, respectively. In compari-
son, when channel with nominal x and z dimensions of 500 
and 100 μm are printed, observable features were formed, 
indicating a better resolution in the z-axis for the polyjet. 
For the FDM printer, the quality of printing at 100 μm is 
unsatisfactory. As shown in Fig.  4a, which gives the top 
view of three printed open channels (black regions), dimen-
sions are not consistent along the length.

The results for accuracy of printing are shown in Fig. 5. 
The accuracy of measured diameters was examined by 
comparing with the nominal diameters in both the horizon-
tal and vertical planes. The polyjet printer produced better 
spatial accuracy in all three axes. Specifically, it has an 
average deviation1 of 25.2  μm across all measurement 
series, as compared to 67.8 μm for FDM. In particular, for 
the polyjet printer, the z-axis was found to have the best 
accuracy of 8.3-μm deviation, while the x-axis was the 
least accurate with a deviation of 36.5 μm.

For the FDM printer, the average deviation across all 
dimensions in the y-axis is 60.8 μm (v–v), which is more 
accurate than the x-axis’s result of 71.5 μm, while for the 
polyjet printer, y-axis printing was also found to be more 
accurate, with a result of 30.7 μm. The same observation 
was made by Shallan et al. (2014) who had experimented 
using the Objet Geometries Eden 250 polyjet printer and 
the same printing materials, and they suggested that this 

1  The deviation or the estimation bias of a measurement series is 
defined as 1

N

∑
N

i=1
φ̂i − φ, where φ is the theoretical value, φ̂  is the 

measured value.

could be due to the incorrect labeling of the printing axes in 
the supplied software of the printer. Such possibility cannot 
be ruled out, though it could also be a result of measure-
ment error due to small sample size.

Also, parts made by the inkjet printer tend to have leaning 
sides and rounded corners, as shown in Figs. 3 and 6, which 
exemplifies this observation using a 500 × 500 μm2 (x × z) 
open channel. Firstly, it could be due to the more viscous 
nature of the photopolymer and longer solidification time as 
compared to the FDM material, which causes the printing 
material to flow to the bottom of the channel under gravity 
before photopolymerization occured. Secondly, since an 
open channel with a relatively small dimension was printed, 
no support material was deposited to confine the build print-
ing material, thus accuracy of the resulting printed feature 
was negatively impacted. These also explain the consistently 
smaller dimensions obtained than the theoretical values in the 
inkjet printer. This is the inherent process limitation of inkjet 
droplet-based technique in creating delicate fine features.

In general, the 3D-printed microfluidic features showed 
deviation from the nominal value, which was observed in 
both inkjet-based and filament-based techniques. Fine fea-
tures such as small channels of 10–20 μm can be printed 
successfully, and these length scales are comparable in size 
to human cells. Features larger than 100 μm can be fabri-
cated with varying degree of accuracies, depending on the 
orientation of the parts on the build platform and the type 
of printer used. For the polyjet printer, the use of the z-axis 
as the dominant printing direction is advised for maximum 
feature size accuracy, followed by the y-axis. The FDM 
printer yields less accurate printing as compared to polyjet 
printing. The results obtained in this section provide refer-
ence for the amount of compensation that needs to be made 
during the design phase of 3D printed microfluidic devices.

Fig. 2   Comparison of microfluidic chip fabrication using conventional lithography method 3D printing. Design criteria and process selection 
are also shown in the flow chart for 3D
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3.3 � Printing repeatability

At 95 % confidence level, it was shown that the location of 
parts on the platform has insignificant effect on their accu-
racy for all three axes. This result validates that the design 
of the test part does not contribute to the difference in accu-
racy readings obtained at the dimensions measured (all fea-
tures are printed on a single piece, so are printed at differ-
ent locations on the build platform).

3.4 � Surface roughness of printed features

As systems decrease in size, near-wall forces become the 
crucial factors in influencing flow. Surface roughness-
induced phenomena, for example, the van der Waals, 
electrostatic, and steric forces emerge and were believed 
to offer explanations for observations that are unique to 
microscale flows (Ho and Tai 1998). Surface roughness 
influences the friction in microchannel flow (Sun et  al. 
2012). In biological studies that involve cell manipulation, 

lower flow-induced shear stress is ideal (Shen et  al. 
2014). For example, shear stress was found to have nega-
tive impact by causing transient pores to form on cell 
membrane (Cui et  al. 2010). However, parameters associ-
ated with such cases are difficult to quantify, as a number 
of factors such as exposure time to stress, fluid viscosity, 
and physiology of the cells act to complicate the process 
(Malda et al. 2013). Comparing with the standard practice, 
untreated PDMS made using photolithographic casting was 
found to have an average roughness of 0.68  nm (Schrott 
et al. 2009). CO2 laser cutting of polymethyl methacrylate 
(PMMA) microfluidic surfaces was able to yield a best 
roughness value of 100.86  nm with appropriate treatment 
(Huang et al. 2010).

As shown in Fig.  7, the polyjet printer produces rela-
tively smooth features. The surface roughness increases 
with increasing side wall angle due to the stitch marks 
formed, as shown in Fig.  7b. From the plot of surface 
roughness test in Fig.  8, there were more irregular pro-
file at 60° as compared to that at 15°. In fact, such trend 

Fig. 3   SEM images of polyjet-printed features (Red Scale Bar 200 μm) (color figure online)
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is consistent for the spectrum for angles from 0° to 60°, 
which ranges from 0.47 to 8.44 μm. However, roughness 
at 90° decreases to about 1.7 μm. Singh has demonstrated 
similar range of surface roughness of polyjet-printed mate-
rial (0.68 μm) printed at 0° inclined angle (Singh 2011). 
This shows that polyjet-printed material displays surface 
roughness in the submicron range.

In comparison, the FDM printer generates much rougher 
surfaces where the profile is characterized by a stepping 
feature. On the contrary to the trend shown for polyjet 
printers, Ra values decrease at increasing wall angle, and 
range from 42.97 to 3.24 μm, whereas at 90°, there is a 
sudden jump in the roughness value to 12.6 μm. Referring 
to Fig. 7c, the increase in Ra at 90° is due to the stacking 
layers of the printed materials. The Ra values of FDM-
printed parts was verified based on the definition of average 
Ra for each sloping angle θ at the preset layer thickness t of 
178 μm. Besides straight channels, surface characteristics 
at different turning and slanting angles were visually exam-
ined (Fig. 9).

Due to the novel nature of the technique, the printed 
parts’ surface structuring and the effect on the performance 
of microfluidic devices is less studied. Comparing with the 
Ra of <1 nm produced by photolithography using PDMS, 
both printers are much inferior with the use of the current 
model materials. However, the results do not serve to refute 
the feasibility of 3D printing as a candidate for biological 
microfluidic devices due to the following reasons.

Firstly, the amount of surface patterning and rough-
ness desired depends on the application. A case in point 
is the mixers, where complex flows are required to trig-
ger chaotic conditions, as diffusion in laminar flow 
requires long channels and is highly inefficient. Sec-
ondly, Ra values obtained in this study can be improved 
through post-processing procedures such as surface pol-
ishing. Paydar et al. (2014) was able to improve the sur-
face roughness of PMMA-based printed parts by 50  % 
with the use of wax, though more biologically com-
patible material is needed for tissue engineering uses. 
Lastly, the role of surface patterning should not be over-
rated. Prediction and offset of 3D-printed parts can be 
employed for functional use (Moore et al. 2011). Though 
one cannot refute the impact of characteristic surface 
patterns produced by 3D printers on flow, proper cali-
bration and careful studies may improve performance, 
depending on the application.

3.5 � Water contact angle of printing material

Untreated PDMS is hydrophobic and prone to the nuclea-
tion of bubbles within the channel (Anderson et al. 2000b). 
Wetting at the fluid–wall interface determines the flow pat-
tern. In particular, droplet formation devices produce water-
in-oil droplets under hydrophobic surface condition, while 
oil-in-water droplets are produced in hydrophilic device 
(Okushima et al. 2004). Surface treatment of the fabricated 
systems can be performed to enhance surface hydrophobic-
ity. Additionally, surfactants of various concentrations can 
be added to the fluid phase to enact changes to the solid 
surface’s hydrophobicity (Xu et al. 2006).

From the water contact angle tests, FullCure 720 and 
ABSplus-P430 are hydrophilic, with average contact angles 
of 81.0° and 75.5°, respectively. Another polyjet model 
material, VeroClear, was also tested and was found to be 
slightly hydrophobic, with an average contact angle of 
93.0°.

Water contact angle depends on a number of parameters, 
including material composition and surface roughness. In 
this study, only the contact angles on the horizontal planes 
printed with 0° inclination angle were measured. Also, drop 
size was known to influence the contact angle due to con-
tact angle hysteresis (Good and Koo 1979; Marmur 1996). 
For example, another study which measured the contact 
angle of ABS at a number of drop volumes gave a value of 
87.4°, which is 12° higher than that obtained here (Moore 
et  al. 2011). However, a detailed analysis of the contact 
angles is not the main aim of this study, which is to pro-
vide a rough estimate of the surface wetting ability of the 
model material in comparison with that desired by micro-
fluidic devices. Thus, only drop volume of 5 μl or 2.12 mm 
in diameter was used.

Fig. 4   Channels printed by FDM printer. a CAD drawing of the 
benchmark sample. b Top view of the channel. c Side view showing a 
layer by layer structure v (valley) describe
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Since hydrophilic surface is preferred in most micro-
fluidic channels, the presently tested model materials are 
desirable. Though not investigated in this study, larger 
surface roughness was found to increase hydrophobic-
ity (Chu et  al. 2014). Relating to the surface roughness 
results obtained, increasing the side wall angle may have 
an undesirable impact on surface properties. For the present 
case, since the model materials are not highly hydrophilic, 
rougher surfaces created by increasing wall angles should 
be avoided. However, just as in the case of surface rough-
ness, wetting ability can be improved by post-processing, 
and results from these tests only serve as a guide for pre-
liminary design purpose.

Fig. 5   Measured against nominal dimensions. a x-direction, b y-direction, c z-direction, d of circular diameter (theoretical graph slope = 1 for 
comparison between measured

Fig. 6   Distribution of width due to leaning walls
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3.6 � Biocompatibility of model material

The biocompatibility of the build materials is another 
essential prerequisite for assessing the suitability of 
microfluidic chip for tissue engineering applications. The 

biocompatibility of the model material was evaluated 
quantitatively using a viability assay that is based on cell 
counting. Both model materials demonstrated good bio-
compatibility. The control set consisted of cells without 
any printed part. As shown in Fig. 10, ABSplus-P430 gives 
consistently high survival rate of above 95 %, comparable 
with that of the control, across all sterilization conditions, 
while FullCure 720 exhibited higher mortality rate of about 
20 % upon 1 h of UV exposure. Other sterilization method 
such as high-temperature autoclaving (120 °C, 20 min) is 
not chosen due to the polymer low melting temperature 
(~60 °C for Fullcure 720).

The higher cell death after UV treatment could be due 
to the release of free radicals by FullCure 720, a pho-
topolymer resin. While the constituents of Fullcure 720 
are unknown, free radical is a common concern associated 
with photopolymerizable hydrogel in tissue engineering 
applications, where photoinitiator concentration is a key 
parameter that compromises cell viability (Mironi-Harpaz 

Fig. 7   SEM images of printed channels. a, b are polyjet-printed channel; c, d are FDM-printed channel

Fig. 8   Ra of the parts printed for various wall angles
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et al. 2012). In this case, exposure to UV irradiation could 
have caused free radicals, in addition to those already pre-
sent in the polymer, to be generated, and remnants of these 
interacted adversely with the cells, leading to detrimental 
cell death. Despite the difference, cell viabilities for all the 
treatment conditions are high, indicating the model materi-
als are biocompatible. Future studies may include alternate 
sterilization techniques such as gamma radiation and elec-
tron beams exposure.

4 � 3D‑printed microfluidic devices: case study 
on rotational flow device and gradient generator

There are three approaches for 3D printing of microflu-
idic devices, namely (1) direct printing of microchips, (2) 
direct printing of open-channel microchip, which is bonded 
to top/bottom layers later, and (3) printing of masters from 
which microchips can be casted using conventional materi-
als such as PDMS or PMMA. In this study, the first two 
cases were performed. Of the two printers studied, the pol-
yjet printer was chosen for flow visualization.

To evaluate on the use of three-dimensional printing in 
microchip fabrication, rotational flow device for generat-
ing tissue spheroids (Ota et  al. 2010a, b, 2011) and five-
layered gradient generator device proposed in (Zhao et al. 
2009) were adopted and printed (Figs. 11, 13 respectively). 

A minimum channel dimension of 500 µm was used for a 
small percentage error of about 5 %.

4.1 � Direct 3D printing of rotational flow device

A rotational flow device consists of two parallel inlet chan-
nels with opposite flows to induce microrotation at high 
flow rates. Such rotational flow device has been commonly 
used for rapid formation of tissue spheroids (Hsiao et  al. 
2009; Ota et  al. 2010, 2011; Takai et  al. 2013a, b). These 
rotational flow devices were adapted, drawn, and printed as 
a unibody via direct 3D printing. There was no bonding or 
alignment needed in this technique. The design was printed 
successfully, and the channels designed were clearly visible 
in the printed physical device. However, we noted several 
operational concerns. As shown in Fig. 11a, direct printing 
suffered from difficulty in removing the support materi-
als, as the channels were small and do not allow inflow of 
solvent for removal of support material. Despite sonication 
and soaking of the part in the recommended support material 
solvent sodium hydroxide, the residual of support materials 
in the channels was observed. Alternatively, a three-layered 
design was adopted for indirect printing, as shown in Fig. 12.

4.2 � 3D printing of integrated rotational flow device

The rotational device demonstrated in Fig. 11 was designed 
with curved serpentine channels. Curved serpentine chan-
nels have been used in microfluidic setup to induce cell 
focusing (Zhang et  al. 2014). Figure 12 shows the design 
with integrated features from both a rotational chamber 
and serpentine channels. This has demonstrated the greater 
design freedom in 3D printing where geometrical features 
can be designed and build within a single setup.

4.3 � 3D‑printed layered gradient generator

The gradient generator proposed by Zhao uses the advan-
tage of three-dimensional designed microfluidic channel 

Fig. 9   SEM images of channels. Round channels printed by a Polyjet, b FDM; c Slanting channel by polyjet yielded rougher wall

Fig. 10   Cell viability under different treatment conditions
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for micromixing of chemical (Zhao et al. 2009). The chan-
nels were tortuous, at different plane, with connection 
at turning points for higher chaotic mixing effect. How-
ever, the device involved bonding of four different layers 
to achieve the microchamber mixer. These complex and 
intricate designs was adapted and printed using 3D printer 
(Fig. 13). The printed gradient generator demonstrated the 
ability of fabricating multi-plane complex features within a 
single build layer.

4.4 � Limitations of 3D printing for microfluidic devices

From the feature resolution study, we have designed a 
minimum channel size of 500 µm for 5 % accuracy to be 
achieved. The presence of support materials and the lack 
of effective removal methods are a major engineering and 

design limitations that compromised the key advantages 
offered by 3D printing, which are flexibility and structural 
complexity.

However, one should remain optimistic about the 
use of 3D printing, as the problems highlighted are 
not inherent to the technology, but are rather a lack of 
appropriate materials. Such shortcomings can be elim-
inated with more specialized machine design (e.g., 
smaller nozzle size and lateral and vertical displacement 
of the nozzle heads). Furthermore, there are other print-
ing technologies that are not explored by this study such 
as stereolithography (SLA) and digital light process-
ing (DLP) (Table 3). In addition, upside-down printing 
configuration such as DLP facilitates flushing of liquid 
resin from the solid structure and eases the cleaning 
process.

Fig. 11   Direct printing of rota-
tional flow device. a Channel 
blocked by support materials. b 
Channel distorted by material 
swelling

Fig. 12   Printing of layered 
rotational flow device. a Assem-
bly of rotational flow device. b 
Channel blocked by adhesive 
during bonding. c Disturbed 
flow due to ineffective bonding
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Fig. 13   Assembly of the gradient generator. a CAD design of gradient generator. b Printed gradient generator. c Before and d after removal of 
support material

Table 3   Comparison of the different printing technology

Printer Resolution 5 % Accuracy Design limitations References

FDM <100 µm unachievable >1000 µm Leakage due to filament bonding
Opaque material
Removal of support structure may 

be difficult for complex internal 
features

Rough surfaces

Current work and Capel et al. (2013), 
Polzin et al. (2013), Zhu et al. 
(2013), Gurrala and Regalla (2014) 

Polyjet <100 µm unachievable >500 µm Difficulty in removing support struc-
ture for internal features

Rough surfaces
Material swelling after prolonged 

soaking in water
Limited choice of materials

SLA <50 µm in the lateral direction achiev-
able

– Overcuring of down-facing structures
Limited material choice with appro-

priate viscosity

Capel et al. (2013), Choi et al. (2009), 
Feng et al. (2015), Shallan et al. 
(2014)

DLP <250 µm – Limited choice material Rogers et al. (2015), Shallan et al. 
(2014)
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5 � Conclusions

We described the design, fabrication, and characterization 
of 3D-printed microfluidic chip in this paper to evaluate 
the applicability of D printing technologies for making tis-
sue engineering-based microfluidic platforms. We fabricated 
common microfluidic features such as channels, slopes, and 
circular hole using two most widely used techniques, namely 
inkjet printing and filament-based deposition. We compared 
the printing resolution, accuracy, and repeatability of the 
printed part. Surface roughness and water wetting ability 
were evaluated. Biocompatibility of the printed pieces under 
a number of treatment conditions was investigated.

We have shown that resolution of polyjet printing is 
superior in all axes than FDM. Polyjet-printed parts can be 
printed with nominal x and z dimensions of 500 and 100 μm 
with observable features were formed. The polyjet printer 
produced better spatial accuracy in all three axes with an 
average deviation of 25.2 μm across all measurement series, 
as compared to 67.8 μm for FDM. The polyjet printer pro-
duces smooth features with surface roughness measurement 
of 0.47 μm as opposed to FDM-printed parts of 42.97 μm. 
Model materials from the two systems demonstrated good 
biocompatibility of above 90 % dependant on the steriliza-
tion technique used. We also highlighted the operation con-
sideration of creating 3D-printed microfluidic device such as 
removal of materials and surface finishing of the device. 3D 
printing offers the advantage of simplified process chain and 
the possibility for fabricating complex multilevel systems.

Future works should capitalize further on the idea of 
3D printing, developing specialized printers and materials 
for specific microfluidic applications, and this will ensure 
that the printed device will be compatible with the intended 
microfluidic applications in terms of material availability, 
transparency and strength.
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