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Three-Dimensional Printing
Based Hybrid Manufacturing
of Microfluidic Devices
Microfluidic platforms offer revolutionary and practical solutions to challenging prob-
lems in biology and medicine. Even though traditional micro/nanofabrication technolo-
gies expedited the emergence of the microfluidics field, recent advances in advanced
additive manufacturing hold significant potential for single-step, stand-alone microfluidic
device fabrication. One such technology, which holds a significant promise for next gen-
eration microsystem fabrication is three-dimensional (3D) printing. Presently, building
3D printed stand-alone microfluidic devices with fully embedded microchannels for
applications in biology and medicine has the following challenges: (i) limitations in
achievable design complexity, (ii) need for a wider variety of transparent materials, (iii)
limited z-resolution, (iv) absence of extremely smooth surface finish, and (v) limitations
in precision fabrication of hollow and void sections with extremely high surface area to
volume ratio. We developed a new way to fabricate stand-alone microfluidic devices with
integrated manifolds and embedded microchannels by utilizing a 3D printing and laser
micromachined lamination based hybrid manufacturing approach. In this new fabrication
method, we exploit the minimized fabrication steps enabled by 3D printing, and reduced
assembly complexities facilitated by laser micromachined lamination method. The new
hybrid fabrication method enables key features for advanced microfluidic system archi-
tecture: (i) increased design complexity in 3D, (ii) improved control over microflow
behavior in all three directions and in multiple layers, (iii) transverse multilayer flow and
precisely integrated flow distribution, and (iv) enhanced transparency for high resolution
imaging and analysis. Hybrid manufacturing approaches hold great potential in advanc-
ing microfluidic device fabrication in terms of standardization, fast production, and user-
independent manufacturing. [DOI: 10.1115/1.4031231]

Keywords: microfluidic systems, 3D printing, integrated manifold, embedded
microchannels

1 Introduction

Microfluidic systems emerged in the last two decades as power-
ful platforms for applications in biology and medicine. Typical
application areas of microfluidic devices include isolation of pheno-
typic subpopulations of cells, and cellular genetic and proteomic
materials from heterogeneous media, such as blood and other bod-
ily fluids [1–5]. For example, isolation of CD4þ T cells from blood
is widely utilized in applications such as downstream genomic
processing, HIV monitoring, and pharmaceutical research [1,6,7].
Microfluidic platforms provide specific advantages over other anal-
ysis methods, such as operation with miniscule volumes of analytes
and reagents, ease-of-use, low-cost fabrication, shorter measure-
ment times, and higher sensitivity and selectivity [8,9]. The most

common fabrication method for microfluidic devices is soft lithog-
raphy, which involves polydimethylsiloxane (PDMS) based casting.
Even though PDMS is a highly versatile material, which is cost-
efficient, optically clear, biocompatible, and allows complex planar
channel configurations and embedded manifolds, fabrication of
PDMS based microfluidic systems are labor-intensive, requiring
clean room facilities and trained personnel. In addition to soft li-
thography, lamination based fabrication approaches are becoming
prevalent, in which a laser micromachined layer is sandwiched
between a polymeric substrate and a glass surface, forming chan-
nels in micrometer scale (50–500 lm) [1,4]. Lamination method
offers numerous advantages over soft lithography, including simple
manual assembly, use of off-the-shelf materials, cost-efficient fabri-
cation, disposable usage, and operation by minimally trained per-
sonnel. However, two-dimensional (2D) laser micromachining does
not allow any discontinuity in the channel layer. Thus, fabrication
of complicated channel configurations or embedded manifolds
remains a challenge. In this study, we investigated an alternative to
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these methods which would enable fabricating three-dimensional
(3D) microfluidic devices with complex design features, provide
greater flexibility in design optimization, and at the same time be
cost-effective.

Advanced additive manufacturing technologies, such as 3D
printing, hold significant potential for single-step, stand-alone
microfluidic device fabrication [10,11]. Three-dimensional print-
ing of microfluidic components has been demonstrated for modu-
lar device designs [12,13], in which the system can be formed by
assembling the individually printed Legolike parts with custom
connectors. Three-dimensional printing of stand-alone, nonmodu-
lar microfluidic devices with embedded intricate microchannel
designs is yet to be achieved. The following considerations have
limited the penetration of 3D printing technologies into microflui-
dic device fabrication: (i) limitations in achievable design com-
plexity especially in microscale range, (ii) need for a larger
variety of transparent structural materials, (iii) limited z-resolution
of printing systems, (iv) need for extremely smooth surface finish,
and (v) limitations in precision fabrication of hollow and void sec-
tions with extremely high surface area to volume ratio.

To overcome the challenges of 3D printing methods in microflui-
dic device fabrication for applications in biology and medicine, we
utilized a hybrid manufacturing technique by combining 3D print-
ing with laser micromachined lamination. Transparent microfluidic
devices encompassing inlet, outlet, integrated uniform flow distri-
bution manifolds, and fully embedded channels were fabricated and
assembled to build intricate microdevices with eight parallel micro-
channels (Fig. 1). The new hybrid fabrication method allowed
incorporation of the following key features to an advanced micro-
fluidic system architecture: (i) increased design complexity in 3D,
(ii) improved control over microflow in all three directions, (iii)
transverse multilayer flow and precisely integrated flow distribu-
tion, and (iv) enhanced transparency for high resolution imaging
and analysis. In addition, CD4þ T cells were captured from blood

in the 3D printed device prototype to demonstrate the feasibility of
cell isolation in the proposed system. Hybrid manufacturing
approach can eliminate the need for costly and time-consuming
clean room fabrication while overcoming the design limitations of
the lamination method. This novel approach would allow fabrica-
tion of complex and customized 3D microfluidic devices incorpo-
rating transverse multilayer flow.

2 Materials and Methods

2.1 Design and 3D Printing of Microfluidic Devices.
Microfluidic devices were designed using SolidWorks (Solid-
Works Corp., Waltham, MA), in a layer-by-layer approach
(Fig. 1(a)). Structural design of the microfluidic system was com-
posed of a glass substrate, a 3D printed top (encompassing inlet,
outlet, and embedded manifolds), and a 250 lm thick laser micro-
machined middle layer defining the channel geometry (Fig. 1(a)).
Design steps included the determination of channel width, length,
height, manifold connections, and inlet/outlet port sizes and loca-
tions (Fig. 1(b)) to fabricate a fully functional prototype microflui-
dic device (Fig. 1(c)). The 3D printed top was composed of inlet
and outlet ports (diameter of 2 mm), two manifolds
(50.8 mm� 3 mm� 1 mm), and eight channel inlets and outlets
(diameter of 1 mm). We 3D printed the designed microfluidic
devices using PolyJet method and transparent VeroClear-RGD810
(Stratasys, Eden Prairie, MN) as the printing material. Objet 260
Connex (Stratasys, Eden Prairie, MN), a professional desktop 3D
printer, was utilized which achieves 20–85 lm accuracy for fea-
tures smaller than 50 mm. The process parameters for PolyJet are:
30 lm layer thickness by 42 lm X and Y axis resolution, minimum
feature size for standard fabrication of 0.5 mm, standard toleran-
ces 0.127 mm or 60.0254 mm (whichever is greater). PolyJet sys-
tem supports simultaneous printing of multiple materials with

Fig. 1 Hybrid manufacturing of a microfluidic platform using 3D printing and laser
micromachining. (a) The microfluidic system is produced with a multiple layer lami-
nation approach, by assembling; (1) a 3D printed top part encompassing inlets, out-
lets, and embedded manifolds for flow distribution, (2) a laser micromachined layer
defining channel geometry, and (3) a glass substrate. Scale bar represents 10 mm
length. The 3D printed top design includes; (i) inlets and outlets with 2 mm diameter,
(ii) two manifolds of 50.8 mm length 3 3 mm width 3 1 mm height, and (iii) eight chan-
nel inlets and outlets with 1 mm diameter. (b) CAD design of the assembled 3D
printed microfluidic device showing device inlet and outlet. Scale bar represents
10 mm length. (c) 3D printed microfluidic device is composed of eight parallel micro-
channels for processing of flow distributed from embedded manifolds.
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high precision, and transparent material deposition is especially
useful for microfluidic device fabrication for applications in bio-
logy and medicine.

The VeroClear-RGD material has been successfully used for
long-term cell culture [14] and analysis of blood cells [11], dem-
onstrating the biocompatibility of VeroClear-RGD material. The
VeroClear-RGD material has an approximate composition of iso-
bornyl acrylate (15–30%), acrylic monomer (15–30%), urethane
acrylate (10–30%), acrylic monomer (10–15%), epoxy acrylate
(10–15%), acrylate oligomer (10–15%), and a photoinitiator
(1–2%) [11]. The VeroClear material has the following
properties: tensile strength of 50–65 MPa (ASTM D-638-03),
modulus of elasticity of 2000–3000 MPa (ASTM D-638-04), flex-
ural strength of 75–110 MPa (ASTM D-790-03), flexural modulus
of 2200–3200 MPa (ASTM D-790-04), water absorption of
1.1–1.5% (ASTM D-570-98 24 hrs), Rockwell hardness of 73–76
Scale M (ASTM Scale M), and polymerized density of 1.18–1.19
(ASTM D792). This material is cured using ultraviolet (UV) light.

PolyJet printing involved a two-step process, in which the
material was dispensed in the forward stroke first (Fig. 2(a)), and
then the dispensed layer was cured in the return stroke (Fig. 2(b)).
A secondary material was utilized to fill and support the hollow
sections of the design during fabrication (Fig. 2(c)), which was

then washed away in the postprocessing stage (Fig. 2(d)). The 3D
printed part was then polished using an ECOMET 6 (Buehler,
Waukegan Road, Lake Bluff, IL) variable speed grinder polisher
at 200 rpm. Next, the micromachined channel layer was attached
on a 50 mm� 50 mm glass slide. The open ends of the manifold
were sealed (Fig. 2(e)) with epoxy (Devcon 5 min Epoxy, Devcon,
Danvers, MA) and plastic tubing was attached to the manifolds to
complete the assembly of the microfluidic device (Fig. 2(f)).

2.2 Laser Micromachining of Channel Layers. Middle
channel layer of the microfluidic device was fabricated using a
double sided adhesive (DSA) with a height of 250 lm. DSA layer
was cut to accommodate eight 48 mm� 3.5 mm� 250 lm chan-
nels on a 2 in.� 2 in. glass slide, using a VersaLASER system
(Universal Laser Systems, Inc., Scottsdale, AZ). For the fabrica-
tion of the microfluidic channel layer, the VersaLaser system was
set to the following settings: the vector cutting was set to 35%
(minimum: �50%, maximum: 50%), the vector performance was
set to “Quality.” The process time for VersaLASER system varies
with the above mentioned parameters. For the process parameters
selected, the process time was approximately 35 seconds. The line
thickness for the laser point was set to “Hair Line,” which results

Fig. 2 Fabrication process of the 3D printed microfluidic device. (a) Multiple noz-
zle dispenses structural and supporting filler materials in the forward stroke. (b)
Dispensed material is cured with UV light in the return stroke. (c) After the comple-
tion of printing, microfluidic device accompanies filler support materials before the
postprocessing. (d) Final product after postprocessing is shown without the filler
material. (e) Open ends of the 3D printed manifold were sealed after washing out
the supporting filler material. (f) Complete assembly of the microfluidic device is
achieved with inlet and outlet tubing connections.
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in the minimum possible laser point size, thus producing the least
amount of heat. This process yields no residue as the adhesive is
wrapped within polymer film. The channel layer was then
attached to the glass substrate and assembled with the 3D printed
top layer to form microfluidic devices with embedded manifolds
(Fig. 2(f)).

2.3 Computational Fluid Dynamics (CFD) Analysis. We
examined the designed microfluidic device with CFD analysis in
terms of manifold and microchannel flow properties. COMSOL
Multiphysics 4.3 (Burlington, MA) was used in these analyses.
We used hexahedral swept meshes for the microchannel and tetra-
hedral elements to mesh the rest of the computational domain.
Total number of mesh elements was 250,638. We simulated the
domain for water flow at 25 �C using single phase laminar flow
module. Pressure distribution and velocity profiles in manifold
and channel subdomains were evaluated and presented.

2.4 Microfluidic Channel Visualization and Image
Processing. An Olympus IX83 inverted motorized fluorescent
microscope (Olympus Corp., Tokyo, Japan) with Olympus Cell
Sense imaging and analysis software was used to obtain micro-
scopic recordings in this study. Videos were recorded at 10 fps
(frames per second) and converted to single frame images for fur-
ther processing and analysis. To represent the flow of cells in
channels, comparable size fluorescent microbeads with 10 lm
diameter were utilized and imaged.

2.5 Microfluidic Geometry Characterization. Dimensions
of the microfluidic channels were precisely determined by meas-
uring the distance between channel edges for width and distance
between top and bottom surfaces for height using the fully auto-
mated microscope stage and high resolution microscope camera
(EXi Blue, QImaging Corp., Surrey, BC, Canada).

2.6 Microfluidic Channel Flow Velocity Analysis. Fluores-
cent microbeads (Polysciences, Warrington, PA) with 10 lm
diameter were injected into the microfluidic device at a concentra-
tion of 430,000 beads/mL in distilled water for measurement of
flow velocities and distribution among microchannels. Microbe-
ads were introduced into the microfluidic device at 50 lL/min and
100 lL/min flow rates. Flowing microbeads in channels were
visualized and recorded using the inverted microscope.

2.7 Selective Cell Isolation From Blood. Microchannels of
the 3D printed device were functionalized with CD4 antibodies
using a four-step surface chemistry for the specific capture of
CD4þ T Cells. First, glass slides were cleaned by sonication in
acetone and ethanol, dried with nitrogen, and treated under a UV
ozone cleaner (Novascan PSDP-UV8T) for 10 mins at 110 �C. Im-
mediately after this step, glass slides were dipped in ethanol and
then immersed in (3-mercaptopropyl)trimethoxysilane (3-MPS) so-
lution (4% v/v in ethanol) for 30 mins at room temperature. Glass
slides were then dipped in ethanol, then immersed in N-g-
maleimidobutyryloxysuccinimide ester solution (0.28% v/v in etha-
nol) for 15 mins at room temperature, and dried with nitrogen gas.
After the assembly with 3D printed microfluidic top part and tub-
ings, channels were flushed with phosphate buffered saline (PBS),
Neutravidin solution (1 mg/mL) and incubated overnight at 4 �C.
After the incubation, channels were flushed with PBS, biotinylated
CD4 antibody solution (50 lg/mL), and incubated for an hour at
4 �C. Channels were rinsed with PBS before blood processing.

De-identified surplus blood samples were obtained from Univer-
sity Hospital’s Hematology and Oncology Division under institu-
tional review board approval. Before being introduced into the
microfluidic device, blood samples were diluted 1:5 with flow
cytometry staining (FCSB) buffer. Then, 2.5 mL of sample was
flown into the device at 40 lL/min volumetric flow rate. After
blood processing, channels were washed with FCSB buffer at a

volumetric flow rate of 160 lL/min to remove nonadhered cells.
Next, captured cells were stained with anti-CD4 antibody conju-
gated with Alexa Fluor 488, and imaged using a fluorescent
microscope.

2.8 Statistical Analysis. Data obtained in this study were
reported as mean 6 standard deviation of the mean. Flow velocity
distribution among the microchannels were statistically assessed
(Minitab 16 software, Minitab, Inc., State College, PA) using
analysis of variance (ANOVA) with Tukey’s posthoc test for mul-
tiple comparisons (n¼ 8). Statistical significance was set at 95%
confidence level for all tests (p< 0.05). Error bars in figures repre-
sent the standard deviation of the mean.

3 Results

3.1 Three-Dimensional Printing Based Hybrid Manufactur-
ing of Microfluidic Devices. Using 3D printing and laser micro-
machined lamination (Figs. 1(a) and 1(b)), we built microfluidic
devices with integrated inlet and outlet manifolds (Fig. 1(c)).
Eight parallel microchannels enable enhanced throughput and add
parallel sample processing capability to the microfluidic device
for biological applications (Fig. 1(c)). In PolyJet 3D printing
method (Figs. 2(a)–2(c)), the design of the printed part accommo-
dated the washing of the support material in the postprocessing
stage (Fig. 2(d)), which can be a significant challenge for embed-
ded, intricate microfluidic channels. The hybrid layer-by-layer
fabrication approach that we present here overcomes this chal-
lenge by limiting the use of supporting material in the manifolds,
which were designed to have open ends (Figs. 2(d) and 2(e)). The
presented approach allows the washing of the support material in
the postprocessing stage and enables seamless integration with
external systems (Fig. 2(f)).

3.2 Fabricated Device Structure. Devices fabricated with
3D printing resulted in transparent layers (Fig. 3(a)). Transpar-
ency is a crucial parameter in microfluidic cell analysis assays,
where quantification and sensing is generally realized by optical
means. In addition, inlet and outlet of the devices fabricated using
3D printing provided clear flow pathways as designed (Fig. 3(a)).
Moreover, the features of the device were clear and sharp (Fig.
3(a)). Furthermore, bottom layer of the devices fabricated with
3D printing displayed a smooth finish (Fig. 3(b)). A smooth and
flat surface is essential to achieve a tight seal and hence to prevent
leaks in channels. After the assembly of 3D printed microfluidic
device, geometry of the microchannels were evaluated by meas-
uring channel height (Fig. 4(a)) and channel width (Fig. 4(b)). We
observed a uniform microfluidic channel height
(250 lm 6 4.9 lm, Fig. 4(a)), and width (3.75 mm 6 0.01 mm,
Fig. 4(b)) between separate channels, which was in agreement
with the CAD design. The uniformity of width and height of the
fabricated microchannels showed that the utilized hybrid manu-
facturing method can produce multiple parallel microchannels
with robust and repeatable geometrical properties.

3.3 CFD Analysis of the Microfluidic Device. The flow
characteristics inside the fabricated microfluidic device were ana-
lyzed using CFD analysis. We used hexahedral swept mesh for
the microfluidic channel array and tetrahedral for the rest of the
domain (Fig. 5(a)). The computational results revealed a highly
uniform distribution of pressure (Fig. 5(b)), and velocity
(Fig. 5(c)) within the designed microfluidic device among all eight
channels. Furthermore, cross-sectional analysis of flow within the
manifolds revealed a uniform and proportional distribution among
all inlets and outlets (Fig. 5(c)).

3.4 CFD Analysis of Individual Microfluidic Channels.
Analyses revealed that transverse velocity field along the length
of a channel (Fig. 6(a)) had a parabolic flow profile, and the lateral
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velocity field along the width displayed a characteristic plug flow
profile (Fig. 6(b)) within a channel. The velocity fluctuation
within the microchannel inlets was assessed through contour plots
at two planes: (i) at a plane 10 lm above the bottom of the channel
(Fig. 6(c)), and (ii) at a plane 125 lm above the bottom of the
channel, i.e., at the midplane (Fig. 6(d)). The results showed that
the velocity fluctuation at the lower section of the channel had a
higher irregularity compared to the midsection. Velocity profiles
at multiple layers in the close vicinity of the inlet port showed that
the flow velocity fluctuations dampen within the first 6% of the
channel length (<3 mm), and the flow becomes quiescently lami-
nar (Fig. 6(e)) after the first 3 mm of inlet. Similar disturbance at
the velocity was observed to be prevalent at the other end of the

Fig. 3 Fabrication of the microfluidic device using 3D printing. The microfluidic devices fabri-
cated with PolyJet printing are compared to the CAD design for performance evaluation. (a) Pol-
yJet printing allowed fabrication of transparent microfluidic devices, while closely matching to
the CAD design for (i and ii) inlet and outlet with clear flow pathways. (iii and iv) Moreover,
edges of the base layer were clear and sharp as in the CAD design. Scale bars represent 10 mm
length. (b) Surface evaluation of printed device in comparison to CAD design. (i and ii) Bottom
layer of the 3D printed microfluidic device provided a smooth surface finishing.

Fig. 4 3D printed microfluidic device provides uniform geome-
try in every microchannel. Microfluidic channel (a) height, and
(b) width were uniform between every microchannel, with
250 lm 6 4.9 lm height and 3.75 mm 6 0.01 mm width. Error bars
represent the standard deviation of the mean.

Fig. 5 CFD Analysis of the designed microfluidic device. (a) Grid distribution
showing hexahedral mesh for the channel array and tetrahedral mesh for the rest
of the rest of the domain. (b) Pressure and (c) velocity distribution for the domain
showed uniform flow characteristics between microchannels. (i and ii) Velocity dis-
tribution at the manifolds and microchannel inlet and outlets.
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microchannel where the flow exits the microchannel and enters
the outlet manifold.

3.5 Flow Imaging in Fabricated Microfluidic Channels. To
measure flow velocity inside the microfluidic channels, we
seeded fluorescent spherical microbeads of 10 lm diameter
(Figs. 7(a)–7(c)), which is a typical size for most cell types in the
blood circulation. Sequential images were collected during bead
flow inside the microchannels and bead velocities were calculated
by dividing the total displacement of an individual bead to the
analysis time (Figs. 7(d) and 7(e)). We observed 10 lm/s and
20 lm/s bead flow velocities inside the microchannels for 50 ll/
min and 100 ll/min syringe pump flow rates (Fig. 7(e)).
Microbead velocities were significantly higher at 100 ll/min flow
rate compared to 50 ll/min flow rate for every channel. There was
no statistically significant difference between microbead veloc-
ities in different microchannels for the same flow rates (one way
ANOVA test with Tukey’s posthoc test for multiple comparisons,
n¼ 8, p< 0.05). The results of flow imaging were observed to
agree with the CFD analysis results in terms of flow velocity fields
within the channels. Furthermore, these results showed that 3D

printed device with embedded manifold can uniformly distribute
transverse flow from the device inlet to multiple parallel micro-
channels in a different layer.

3.6 CD41 T Cell Capture From Blood. We validated the
microfluidic system fabricated with a hybrid manufacturing
approach for isolation of phenotypic cell subpopulations by selec-
tively capturing CD4þ T cells from blood (Fig. 8). Blood sample
injected into the microfluidic device showed uniform distribution
among different channels and manifolds (Figs. 8(a)–8(c)). CD4þ

cells were selectively captured from the processed blood sample
with greater than 95% specificity as shown via bright field and flu-
orescent imaging of all captured cells and CD4 labeled cells,
respectively (Figs. 8(d) and 8(e)).

4 Discussion

Efficiency and throughput has been a challenge in isolation and
manipulation of rare cells using microfluidic devices [15]. Any cell
type with a concentration of less than 1000 cells per mL is consid-
ered as a rare cell type, such as circulating tumor cells (CTCs),

Fig. 6 Velocity profile and flow distribution in the microfluidic channel. (a) Veloc-
ity profile along the height of the channel. (b) Velocity profile along the width of the
channel. (c) Surface plot of velocity distribution at the channel at a plane 10 lm
above the bottom surface. (d) Surface plot of velocity distribution at the channel at
a plane 125 lm above the bottom surface. (e) Velocity in the channel along ss0 at
different height of the channel.

021007-6 / Vol. 6, MAY 2015 Transactions of the ASME

Downloaded From: http://nanoengineeringmedical.asmedigitalcollection.asme.org/ on 10/01/2015 Terms of Use: http://www.asme.org/about-asme/terms-of-use



circulating fetal cells, and stem cells [16]. In the case of tumor cells
circulating in blood stream, there are 1–100 CTCs per 3–6� 109

blood cells. Extremely low number of these cells necessitates proc-
essing of large volumes (> 10 mL) of samples to obtain a reasona-
ble number of cells and/or genetic material. Thus, high efficiency
and throughput is especially critical in isolation and analysis of rare
cell types, and acquisition of biological materials for proteomic/
genomic analyses [5,9,17]. Large isolation surface area is required
for high-throughput operation, which can be achieved by either uti-
lizing long channels, or multiple short channels in a parallel config-
uration. However, using long channels increases sample processing
time. Thus, multiple parallel channels have been widely employed
to increase the throughput of microfluidic devices [3,5]. The use of
parallel channels requires homogeneous distribution of flow to ev-
ery channel, to prevent channel to channel variations in cell capture
efficiency and specificity. Parallel microfluidic channel designs in
3D configurations with uniform flow conditions via an integrated
manifold stand out as a promising solution to this challenge.

Manifolds can be fabricated as an integral part of the device as an
internal or external component.

The CFD analysis of the microfluidic device is significant in
terms of investigating the flow stagnation within the domain. Such
flow stagnation poses difficulties in washing out of nonadhered
blood cells after the cell adhesion process is completed. The CFD
analysis identifies the areas of flow stagnation for the designed
microfluidic device, thus helps with the optimization of the chan-
nel design. The channel surface roughness is a critical parameter
to consider while analyzing the flow behavior within channels. In
the designed microfluidic device, the bottom channel surface was
glass and the top surface was the 3D printed part. The glass sur-
face was considered to be smooth. We hand finished the surface
of the 3D printed part using an ECOMET 6 variable speed grinder
polisher using 200 rpm to ensure uniform surface roughness for all
the channels. Based on these facts and for the simplicity of numer-
ical analysis, effect of surface roughness was not incorporated in
the CFD analysis.

Fig. 7 Homogenous flow distribution in microchannels of the 3D printed microflui-
dic device. (a) 3D printed microfluidic device prototype. Scale bar represents 10 mm
length. (b) Fluorescent and (c) phase contrast images of microfluidic channels
injected with fluorescent microbeads delineating microchannels. (d)–(f) Flow veloc-
ity in microchannels are determined by seeding (d) fluorescent microbeads of 10lm
diameter. Sequential images of flowing microbeads were recorded using an inverted
fluorescent microscope and a charge coupled device (CCD) camera. (e) Bead veloc-
ities are calculated by dividing the total displacement of an individual bead to the
elapsed time. (f) Microbead velocities are determined for each microchannels at
50ll/min and 100 ll/min flow rates supplied to the device. There was no statistically
significant difference between microbead velocities in different microchannels at
the same flow rates. Microbead velocities were significantly higher in all microchan-
nels at 100 ll/min flow rate compared to 50ll/min flow rate. The horizontal lines
between individual groups represent statistically significant difference based on
one way ANOVA test with Tukey’s posthoc test for multiple comparisons (n 5 8,
p < 0.05). Error bars represent the standard deviation of the mean.

Journal of Nanotechnology in Engineering and Medicine MAY 2015, Vol. 6 / 021007-7

Downloaded From: http://nanoengineeringmedical.asmedigitalcollection.asme.org/ on 10/01/2015 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Development of microfluidic technologies followed the foot-
steps of microfabrication techniques, originally developed by the
semiconductor industry. Thus, earlier studies in microfluidics
heavily relied on photolithographic pattern fabrication on a silicon
template and soft lithography using PDMS. Soft lithography is the
most widely applied technique in manufacturing of microfluidic
systems. However, soft lithography based microfluidic device fab-
rication methods require clean room facilities and highly skilled
labor. In soft lithography, microchannel top parts, fabricated
through a costly and time-consuming clean room process, are
assembled with a glass slide to complete the microfluidic chan-
nels. This approach generally limits the fabricated device in a 2D
plane and renders 3D channel configurations or 3D flow manipu-
lation hard to achieve. Utilization of discrete elements and mod-
ules has been reported in the literature to overcome the limitations
[12,13]. In this study, we are proposing an alternative approach to
soft lithography, replacing the clean room microfabrication with
3D printing and DSA bonding. We believe this approach can be
an enabling technique for fabrication of complex and customized
3D microfluidic devices incorporating transverse multilayer flow.

Even though 3D printing has evolved rapidly and starting to be
widely applied in the field of tissue engineering, microfluidics has
yet to benefit from this additive manufacturing method due to lim-
itations in design complexity, transparency, surface quality, reso-
lution, and fabrication of microscale hollow and void sections. In
this study, we have utilized a novel hybrid approach integrating
3D printing with lamination to overcome these limitations. Three-
dimensional printing of complex microfluidic devices with
enclosed microchannels and integrated uniform flow distribution
manifolds made of transparent materials were not achievable with
most 3D printing methods. PolyJet based 3D printing has z-
resolution high enough to create a smooth transition between
layers. Moreover, PolyJet method utilizes a washable supporting
material in fabrication process to accommodate hollow sections
in the design, which is an excellent feature that enables printing
of enclosed cavities and voids. Washing off of support material
in postprocessing stage can be challenging for fully enclosed
microscale cavities, which can be addressed with a hybrid fabri-
cation approach, as presented here. Another major advantage of
3D printing is the use of transparent materials for microfluidic
devices. Hybrid manufacturing of microfluidic devices integrat-
ing 3D printing with lamination approach may open new venues
for 3D printing for microfluidic applications.

5 Conclusions

Advanced additive manufacturing technologies, such as 3D
printing, are critical in minimizing the fabrication steps and
assembly complexities. Here, we utilized a hybrid manufacturing
technique by combining 3D printing and laser micromachined
lamination approach to offer a new way of fabricating complex
3D microfluidic devices. Using 3D printing, we fabricated
microfluidic devices integrated with uniform flow distribution
manifolds, and embedded channels reducing fabrication com-
plexities, as well as allowing more complex designs, including
flow in all three directions and transverse multilayer flow. Inte-
grating 3D printing to fabrication processes has the potential to
improve standardization, fast and single-step production, and
user-independent manufacturing of microfluidic systems, which
are current challenges in the field. Assembly of 3D printed parts
together with laser micromachined layers via lamination
approach can also be used for cost and labor efficient fabrication
of standardized microfluidic discrete elements and modules.
Overall, hybrid manufacturing approaches, such as the one
presented here, hold great potential for microfluidic device
fabrication.
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