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Fabrication additive

“3D printing (or additive manufacturing, AM) is any of 
various processes used to make a three-dimensional object. In 
3D printing, additive processes are used, in which successive 
layers of material are laid down under computer control.[2] 
These objects can be of almost any shape or geometry, and 
are produced from a 3D model or other electronic data source. 
A 3D printer is a type of industrial robot.”
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First patent 
application for RP 
technology (Dr 
Kodama in Japan)

First demonstration of 
stereolythography (Dr 
JC André)

SLS patent was 
issued to Carl 
Deckard

EOS sold its first 
“stereos” systems

FDM patent was 
issued to Stratasys

Sanders Prototype 
(Solidscape) and Z 
corporation set up

Arcam was 
established

Objet geometries 
launched



3D printing … where ?

http://www.artilect.fr/



3D printing … where ?

http://www.sculpteo.com/fr/

Many providers available  !!



MultiFAB Platform
L. Malaquin (LAAS CNRS) – P.Tailhades (CIRIMAT)
V. Raimbault, X. Dollat, H. Granier, L. Bary , A.M. Gue , S 
Assié Souleille, V. Conedera, F. Mesnilgrente, L. Boyer 
 R. Courson, J. Foncy , 

ü  Open	platform	(academic	and	industrial	patners)		
ü  Technological	and	process	development		&	Dissemination	
	
	

SLA (Dilase 3D , Dilase 3D HR, 2photon nanolithography)
Inkjet Printing (Ceradrop)
Dilase 3D Bio, Prototype LAMP, DWS, Wet spinning
Selective laser Melting/Sintering SLS, SLM

Web site 
https://www.laas.fr/projects/MultiFAB

Technological challenges 
•  Multimaterial printing
•  Multiprocesses 
•  High resolution printing  

and bioprinting (i.e. <50µm)

•  Cell and Tissue Engineering
•  MEMs
•  Microfluidics
•  Electronics, Optics, Aeronautics, ...

Contact 
multifab@laas.fr

Feder / Région Occitanie



Stereolithography (SLA) 3D printing with two 
photons lithography 

Additive manufacturing 
current limits : 

Resolution 
Printing Volume /Writing speed

Multimaterials (SLA, 2 photons)

Fused deposition modeling 
(FDM) / InkJet printing

Selective Laser Sintering 
 - Melting (SLS/SLM)

3D printing : what about resolution ?  

Voxel Writing speed (X,Y,Z)

Applications : 
•  Microfluidics
•  MEMs devices
•  Scaffolds for cell culture

1m 10 cm 1cm 1mm 100µm 10µm 1µm 100nm 10nm 1nm

MACRO MICRO NANO



http://fabric-advanced-biology.univ-lyon1.fr/
Reproducing Skin tissues 

http://www.3dnatives.com/3dfab-francais-
impression-3d-vivant-19022016/

3DFAB



Additive manufacturing market

3D Complex parts 
+

Rapid prototyping 

Small / medium Scale
Production



3D printing on the Gartner cycle 

Second, 3D printing is not one technology but seven different ones. 
"Hype around home use obfuscates the reality that 3D printing 
involves a complex ecosystem of software, hardware and materials 
whose use is not as simple to use as 'hitting print' on a paper printer," 
said Mr. Basiliere. The seven different technologies each have pros 
and cons, and printers work with varying build sizes and materials. 
This means organizations must begin with the end products in mind: 
"First, determine the material, perfomance and quality requirements 
of the finished items first; second, determine the best 3D printing 
technology; and third, select the right 3D printer.

http://www.gartner.com/



square cross sections such that the net resistance for geometrically
complex two-port devices (e.g., helically shaped mixers) could
be computed from series addition of internal resistances. The
resistances of segments themselves were calculated using Eq. 1,
derived from the solution to the Navier−Stokes equation for
Poiseuille Flow in straight channels (18).

Rhyd =
28:4ηL
h4

: [1]

Here, η is the dynamic viscosity of pure water at room temper-
ature (1 mPa·s), L is the length of a segment, and h is the height
or width of the (square cross section) channel. To determine the

approximate resistance of our components to use in further net-
work analysis of assembled circuits, we optically measured the
average cross-sectional side length of several channels (Table S2)
and determined their variation from designed values. The ex-
pected resistance and tolerance (Table S1) for each element
associated with these values was found to deviate within a range
comparable to that of standard discrete electronic resistors. For
elements with more than two ports, an equivalent internal circuit
model was constructed, and the internal segment resistance is
stated explicitly.

Tunable Mixing Through Flow Rate Division
We gauged the accuracy of our resistance calculations by con-
structing a parallel circuit that compares disparate branch flow
rates due to a constant pressure source. The assembly described
in Fig. 2 was modeled as an equivalent circuit consisting of two
branch resistors R and Rs grounded by two dyed water reservoirs
and terminated by outlet resistor Ro. Each branch was designed
to differ by only a reference and selected component resistance,
Rref and Rselect, while having identical support components
resulting in equal structural resistance Rstruct. The volumetric
mixing ratio mo of dye streams combined in the outlet resistor
was predicted by nodal analysis (see SI Text, Note S2) to have
simple dependency on only the selected, reference, and branch
structural resistances (Eq. 2).

mo =
Qy

Qb
=

Rstruct +Rref

Rstruct +Rselect
: [2]

The method of Park and coworkers (19) was adapted to measure
several mixing ratios with varying Rselect and compared with the-
oretical values calculated from Eq. 2, validating our model with
good agreement (Fig. 3). Briefly, the resident widths of unmixed
collinear dye streams were measured optically in the junction
before diffusive mixing could occur. Assuming that the two dyed
water streams have equal dynamic viscosity, the ratio of their
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Fig. 3. Comparison of experimental and theoretical mixing ratios for a va-
riety of Rselect values (error bars represent the SD over 12 measurements).
Insets show the coflowing streams at the T junction; the ratio of stream
widths was used to find the output mixing ratio mo.
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Fig. 4. Single-outlet subcircuits were combined to parallelize operation of the tunable mixer to have (A and B) two, (C and D) three, and (E and F) four
outlets. Each subcircuit is constructed identically and arranged around a single inlet splitter such that the mixing ratio at each outlet is independently
controlled by corresponding choices of reference and select resistors.
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process (9, 14, 15), the powerful analysis techniques used in
electronics design have not been widely adopted by the micro-
fluidics community largely due to the lack of a standardized parts
platform for circuit construction, inhibiting the exploration of
large-scale designs and the growth of the field in general. In
other words, the advent of discrete microfluidic components
with standardized interconnects and dimensional freedom
naturally fits within the framework of design based on well-
defined device terminal characteristics. Recently, additive
manufacturing techniques such as high-resolution stereo-
lithography have been demonstrated as effective tools for the
rapid manufacturing of integrated microfluidic systems with-
out need for a clean room (16, 17). Designers can now create
complex channel networks in three dimensions and choose
from a wide selection of material properties, but the cost and
time involved in fabricating a single design iteration is still very
high. A simpler approach would be to batch manufacture a va-
riety of primitive elements from which a designer can assemble
a functional microfluidic system. The iterative process then
becomes one of immediate gratification in that the designer can
quickly modify an assembly in response to fundamental design
error or replace a component in order to optimize operation. The
devices presented in this report take advantage of these new
manufacturing approaches to produce discrete microfluidic ele-
ments with a rich variety of terminal hydrodynamic characteristics
and integrated electronics for in situ process monitoring. Additive
manufacturing allows the components to be made with high yields,
low waste, and high resolution in three dimensions, enabling the
development of an interconnect system that is not dependent on
planar circuit layout.
We demonstrate an overall system development strategy that

closely mimics the one used in board-level electronic circuit
design and production. Analysis of pressure−flow relationships
within microfluidic circuits is simplified using network analysis
based on cataloged component terminal characteristics. System
fabrication is reduced to a hands-on practice similar to assem-
bling Lego bricks and aided by descriptive visual cues on each
component in analogy to markings found in standardized elec-
tronic parts. Postassembly system verification involves running
test flows, optimizing operating conditions, and repairing or
modifying the assembly and design accordingly. Active process
monitor data are communicated to a computer through a simple
microcontroller. Systems can be permanently sealed by applica-
tion of adhesives to the joints or potting the circuit in its entirety.

Design Concept
The fluidic components presented herein were primarily designed
to contain the microfluidic elements most commonly used to
perform passive fluid operations, such as junctions, mixers, splitters,

and chip-to-world interfaces. All components containing functional
elements were built to a standard, cubic geometric footprint (1-cm
side length) and interconnect solution (Fig. 1), which lends itself
easily to 3D system configuration. Inlet and outlet elements were
designed to snuggly fit widely available 1/16” o.d. tubing to allow
users to interface with their devices without having to commit to
a proprietary chip-to-world interconnect solution. The exterior
faces of each component were marked with symbolic cues that
correspond to the orientation and type of element within, aiding
in rapid assembly based on diagrammatic expression of the intended
system. This is similar to the use of orientation marks on the
packaging of fundamental discrete electronic components such
as resistors, capacitors, inductors, and diodes.
Elements were terminated on component faces by female-style

ports that fit a male-male style connector by means of an elastic
reversible seal, enabling plug-and-play operation and reconfi-
guration of circuits. The female ports, corresponding male con-
nector pins, and channels themselves were built with a square
shape to ensure optical clarity through their interfaces and consis-
tent cross-sectional channel orientation between element and
connector channels. The seating of connector pins in ports was
designed to ensure self-alignment and continuity between channels
(Fig. S1). Unlike jumper-cable-style interconnects, connectors of
this style will not lead to an accumulation of particles or increase
requirements for sample volumes by breaking circuit routing out of
a microfluidic environment. Connector channels, designed to
have 1 mm in side length, are larger than the element channels,
typically designed with 500- to 750-μm side length (Tables S1 and
S2), to limit their contribution to hydrodynamic resistance while
ensuring low Reynolds number flow. Connectors have a spacer
between pins to alleviate difficulties in connecting and disconnect-
ing them from components by hand. The spacers are cylindrical,
and serve as lenses that optically magnify the appearance of flows
and aid in postassembly test and inspection.
The library of components is shown in Table S3; their terminal

hydrodynamic properties are given in Table S1. The hydraulic
resistance of each element was calculated for use in circuit
analysis assuming low Reynolds number flow, and varied by ei-
ther modulating the cross-sectional side length of the channel or
the length of the channel segment packed into the component.
Each element was designed using straight channel segments with

Connector 

Component Cue 

Element 
Spacer 

A B
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10mm 

Fig. 1. (A) CAD assembly drawing of a 1-mm male−male connector aligned
with female-type port terminating a 750-μm microfluidic element of straight
pass type. (B) The flat mating surfaces of the connector pin and port allow
for easy optical inspection of the connector−element channel junction. (C)
Chip-to-world interfacing is performed through a single component that
reversibly seals to standardized 1/16” PEEK tubing.
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Rselect

Rref

Fig. 2. (A) CAD assembly drawing for a 2-input, 1-output concentration
gradient generator in which a single branch resistor varies the mixing ratio
(Rselect = RM,750 as shown, see Table S1 for explanation of nomenclature and
channel sizes). (B) Equivalent circuit diagram where R is the equivalent
branch resistance compared with Rs, which is inclusive of control resistor
Rselect and additional resistance due to structural components such as in-
terface, connector, and T-junction components.
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What a 3D printer can do …



Motivation

Choosing the right Material – Technology combination

3D Printer Technology Material

§  Physical properties
§  Chemical properties
§  Availability
§  Price
§  ...

§  Volume production
§  Resolution
§  Throughput
§  Dimensions
§  Environment
§  …

§  Price  = f (Dimensions, 
resolution, repeatability, 
throughput …)

 



Printing on (stacks of) paper ? 

Why not ?

•  Established technology
•  Low cost
•  High resolution (> 3000dpi)
•  Low cost material & support

www.mcortechnologies.com/



Printing on (stacks of) paper ? 

start 1’40 / 2’05 / 3’10

http://mcortechnologies.com/3d-printers/iris/



Printing stacks of paper … application to microfluidics ?

PNAS, 2008, 19606



Choosing the right material  .... 

Ni, Cu, Ti … 

ABS, Nylon, COC …  : FDM (Fused deposition Modeling technologies )

Photosensitive polymers, composites …  : 
SLA  (Stereolithography)
Inkjet (Objet Stratasys)

Polymer precursor powder (thermoplastic such as 
Nylon,  Polyamide, Polystyrene, …)
Metal precursor powder (Ti, Ni, Cu, …)

SLS  (Selective laser sintering)

Materials for cell culture 
Cells
Hydrogels (natural , sythetic …)



3D printing – General workflow 



From a 3D Model to a 3D Object 

Good 3D Model :
-  Downloaded from a online resource 
-  3D Laser Scanner
-  prepared using appropriate software: usually STL file format

•  OpenSCAD
•  SketchUp
•  Wings3D
•  Scupltris
•  Autodesk 
•  SolidWorks
•  Inventor
•  Catia
•  Rhino
•  AutoCad



Dental surgeon Dr Dawood, London

From a 3D Model to a 3D Object 



What a 3D printer can do …

Nano Macro Micro  



3D printing  : printing volume and resolution

http://3dprinting.com/3dprinters/3d-concrete-printing-project-3dcp/



Advantages :
- Resolution (<100nm ?)
- Flexibility
- No slicing

Disadvantages : 
- Speed !
- Sample maximum size (mm3)

Nanoscribe system

3D printing  : printing volume and resolution



3D printing  : printing volume and resolution



3D printing  : printing volume and resolution



25 um

Circulating tumoral cell capture (A. Cerf , LAAS CNRS)

3D printing  : printing volume and resolution

Limits : printed volume AND writing speed



https://www.femtoprint.ch

3D laser patterning



•  Cell and Tissue Engineering 
•  MEMs 
•  Microfluidics 

Nano Macro Micro  

What a 3D printer can do …



-  Assembly free fabrication
-  Low cost
-  World to chip connections
-  3D design
-  Rapid prototyping

3D printing  for microfluidics

Advantages

-  Resolution ? 
-  Throughput ?
-  Materials ?

Limits



 Fused filament fabrication (FFF),  fused deposition modeling (FDM)  

-  heated thermoplastic material is extruded according to computer-controlled 
paths and then solidifies

Developed by Scott Crump (Stratasys) in the late 1980s



 Fused filament fabrication (FFF),  fused deposition modeling (FDM)  

-  heated thermoplastic material is extruded according to computer-controlled 
paths and then solidifies (PLA, ABS, PET, PVA, Nylon …)

Developed by Scott Crump (Stratasys) in the late 1980s

start 45s



Slicing and Toolpath 
-  slice the model into discrete layers and generate the toolpath 
     (depending on the printer technology)

Example of a toolpath 

 Fused filament fabrication (FFF),  fused deposition modeling (FDM)  



§  Dimensions:	8’’x8’’x6’’	

§  Resolution	:	100-200um	

§  Materials		:	ABS	(+	PET)	/	Matériau	sacrificiel	

§  Medium	Throughput	(	3-4	parts	/day)		

 Fused filament fabrication (FFF),  fused deposition modeling (FDM)  

e.g. Stratasys’s uPrint



 Fused filament fabrication (FFF) for microfluidics



25 um

Circulating tumoral cell capture (A. Cerf , LAAS CNRS)

•  Biomimetic 4D Printing

A. Gladman, Nature Materials, 15, 2016 (Scale Bar : 5mm)

4D Printing 



 Fused filament fabrication (FFF) for microfluidics

Printing of Silicone (RTV), Polycaprolactone, Cells



https://www.smartmaterials3d.com/blog/
en/filamentos3d/tabla-smartfil/

https://www.elveflow.com/microfluidic-tutorials/soft-lithography-reviews-
and-tutorials/how-to-choose-your-soft-lithography-instruments/
microfluidic-3d-printer/

 Fused filament fabrication (FFF) for microfluidics



- layers of liquid photopolymer layered onto a build tray and cure them with UV light

Stratasys Objet Series start 1min

PolyJet 3D Printer …  multimaterial printing



- layers of liquid photopolymer layered onto a build tray and cure them with UV light

Stratasys Objet Series

PolyJet 3D Printer …  multimaterial printing



Stratasys Objet Series

PolyJet 3D Printer 

§  Max	dimensions:	25x25x20	cm	

§  Resolution	:	r	50um	

§  Materials	:	ABS	like,	elastomer	like,	multicolor	…		

§  Application:	Products	prototypes,	art,	architecture	…		



PolyJet 3D Printer …  multimaterial printing



PolyJet 3D Printer …  multimaterial printing



PolyJet 3D Printer …  multimaterial printing



Silicone oils (Beijing Hagibis Technology 
Ltd.) of different viscosities were used as 
the oil phase (O), whereas water-glycerin 
(Sinopharm Chemical Reagent Ltd.) 
mixtures with different viscosities were 
used as the aqueous phase (W). A 3D-
printed resin (Clear FLGPCL04) was used 
as the solidification phase for microsphere 
fabrication. RSN-749 resin (CosBond Ltd.), 
as a surfactant, was used in the oil phase 
with 0.25% (v/v), and Tween-20 (Beijing 
Huabo Ltd.), as a surfactant, was used in 
the aqueous phase with 0.25% (w/v). 
Liquids viscosities were measured using a 
viscometer (NDJ-5S, YOKE INSTRUMENT 
Ltd.), and interfacial tension (σ = 20 mN 
m−1.) was measured using a tensiometer 
(DCAT 11, Data Physics Corp.). All data 
are listed in Table 1. Soluble food dyes with 
different colors (PT. Gunacipta Multirasa 
Co.) were used in the aqueous phases for 
a better observation.

PolyJet 3D Printer (Objet 350)



Silicone oils (Beijing Hagibis Technology Ltd.) of 
different viscosities were used as the oil phase (O), 
whereas water-glycerin (Sinopharm Chemical 
Reagent Ltd.) mixtures with different viscosities 
were used as the aqueous phase (W). A 3D-printed 
resin (Clear FLGPCL04) was used as the 
solidification phase for microsphere fabrication. 
RSN-749 resin (CosBond Ltd.), as a surfactant, 
was used in the oil phase with 0.25% (v/v), and 
Tween-20 (Beijing Huabo Ltd.), as a surfactant, 
was used in the aqueous phase with 0.25% (w/v). 
1. Soluble food dyes with different colors (PT. 
Gunacipta Multirasa Co.) were used in the aqueous 
phases for a better observation.

PolyJet 3D Printer (Objet 350) 



-  parts are built from a liquid photopolymer
-  each layer is created by a UV laser that cures one cross section at a time. 

Laser  : spot size > 30um 
DLP : pixel size > 50um 
Resolution > 50um 
 

Stereolithography (SLA)



Application domains : 
-  Dental health
-  Jewellery
-  Micromechanics

What currently means “Stereolithography” :
3D systems EnvisionTec DWS

Laser  : spot size > 30um 
DLP : pixel size > 50um 
X,Y Resolution > 50um 
Z resolution >10um 
 

Stereolithography (SLA)

Anycubic



Stereolithography (SLA)

-  parts are built from a liquid photopolymer
-  each layer is created by a UV laser that cures one cross section at a time. 

In the mid-1980s, Chuck Hull
start 1’45`

Laser  : spot size > 30um 
DLP : pixel size > 50um 
X,Y Resolution > 50um 
Z resolution >10um 
 



§  Master fabrication for molding

 
§  Direct fabrication of devices

configure open measurement chambers for straightforward
chemical functionalization in multilevel devices, illustrated
by time resolved glucose detection.

This first demonstration of 3D printed reusable templates
for PDMS-LOC, also highlights an attractive fabrication cost
of 0.48 US$ per template.

Experimental
Template fabrication

Templates were designed with free computer aided design
(CAD) software for Mac OS X 10.8.3 (Autodesk® Inventor®
Fusion, Autodesk Inc.) on a MacBook Air computer (13-inch,
late 2010, 1.86 GHz Intel Core 2 Duo, 4 GB 1067 MHz).

The CADs are exported as .stl mesh files that are converted
by the software provided with the 3D printer (Miicraft®
Suite). The Miicraft® Suite allows for alignment and scaling
of the .stl files, segmentation of the aligned 3D mesh and
printer control. Segmentation transforms the 3D mesh in 2D
cross sections (bitmap black and white files in .png format at
480 × 768 pixels resolution) in 50 μm steps.

The .png files are accessible and may be modified for
refinements and minor corrections common to progressive
optimization. These corrections do not require CAD skills,
and were performed in Photoshop™ CS4, although simpler
tools capable of single pixel editing, such as Microsoft Paint,
are adequate.

Miicraft®14 is an MS 3D printer (2299 US$) with 450 ppi
(~56 μm) lateral, and 50 μm vertical resolution. The Miicraft®
Suite controlling the printing process allows setting exposure
time for each layer, printing speed (2 or 3 cm per hour) and
vertical separation between exposed layers (50 and 100 μm);
this final setting provides an easy way to duplicate the thick-
ness of a design sliced at 50 μm per layer.

After optimization, our templates were printed under the
following conditions of exposure time, printing speed and
vertical step size: Fig. 1: 12 s, 2 cm per hour, 50 μm; Fig. 2:
11 s, 3 cm per hour, 50 μm and 100 μm (for the 500 μm deep
channels); Fig. 3: 10 s, 3 cm per hour, 50 μm.

After printing, the templates were sonicated (FinnSonic
m15) in industrial grade ethanol for 20 s, and air-dried. The
dry templates were post cured in UV light for 600 s, in the
post-curing chamber of the printer.

The printer uses a proprietary resin (138 US$ per 500 ml),
with different proportions of modified acrylate, modified
acrylate oligomer, acrylate monomer, epoxy monomer, photo
initiator and additives as principal components. The specific
formulation is not disclosed. Since PDMS does not cure on
the templates, the surfaces must be protected with a PDMS
compatible material before casting the polymer. We devel-
oped a procedure consisting of 2 min sonication in industrial
grade ethanol and subsequent ink airbrushing (Neo CN
Iwata, gravity feed dual action airbrush with 0.35 mm nozzle).
Effective surface protection requires the ink (Pentel NN60)
to be applied in thin layers immediately after the template
surface is taken from the ethanol and begins to dry. Ink

coating on completely dried out templates does not allow the
PDMS to cure.

Fig. 1 (a) CAD with 50 μm and 2 mm features combined in the same
design. (b) 3D printout of the structure in (a). The inset highlights
hindrances developed at the 50 μm to 100 μm channel step. (c) Image
of the printed pillar guides used to integrate silicone tubing in the
PDMS structure. (d) PDMS device assembled on a glass substrate
showing no texture at the PDMS–glass interface. (e) Microscope image
of tubing connection to a 500 μm channel. (f) Epi-fluorescence micro-
scope image of PDMS structure filled with fluorescein solution.

Fig. 2 (a) Template for diffusion and chaotic mixers. The pillars are
guides for silicone tubing integration and the external frame contains
the PDMS during curing. (b) Detail of the chaotic mixer design.
(c) Detail of the chaotic bitmap edited refinements. (d) Printed
template. (e) 100 μm deep diffusion mixer showing the mixture of
1 mM fluorescein with 1 mM rhodamine B at 60 μl min−1. (f) 100 μm
deep chaotic mixer imaged in the same conditions as in (e). (g) Idem
to (f) operated at 30 μl min−1. (h) Idem to (g) but for a 500 μm deep
channel. (i) Detail of the 500 μm deep chaotic mixer 3D structure.

Lab on a Chip Paper

Lab Chip, 2014, 14, 424–430 | 425This journal is © The Royal Society of Chemistry 2014
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configure open measurement chambers for straightforward
chemical functionalization in multilevel devices, illustrated
by time resolved glucose detection.

This first demonstration of 3D printed reusable templates
for PDMS-LOC, also highlights an attractive fabrication cost
of 0.48 US$ per template.

Experimental
Template fabrication

Templates were designed with free computer aided design
(CAD) software for Mac OS X 10.8.3 (Autodesk® Inventor®
Fusion, Autodesk Inc.) on a MacBook Air computer (13-inch,
late 2010, 1.86 GHz Intel Core 2 Duo, 4 GB 1067 MHz).

The CADs are exported as .stl mesh files that are converted
by the software provided with the 3D printer (Miicraft®
Suite). The Miicraft® Suite allows for alignment and scaling
of the .stl files, segmentation of the aligned 3D mesh and
printer control. Segmentation transforms the 3D mesh in 2D
cross sections (bitmap black and white files in .png format at
480 × 768 pixels resolution) in 50 μm steps.

The .png files are accessible and may be modified for
refinements and minor corrections common to progressive
optimization. These corrections do not require CAD skills,
and were performed in Photoshop™ CS4, although simpler
tools capable of single pixel editing, such as Microsoft Paint,
are adequate.

Miicraft®14 is an MS 3D printer (2299 US$) with 450 ppi
(~56 μm) lateral, and 50 μm vertical resolution. The Miicraft®
Suite controlling the printing process allows setting exposure
time for each layer, printing speed (2 or 3 cm per hour) and
vertical separation between exposed layers (50 and 100 μm);
this final setting provides an easy way to duplicate the thick-
ness of a design sliced at 50 μm per layer.

After optimization, our templates were printed under the
following conditions of exposure time, printing speed and
vertical step size: Fig. 1: 12 s, 2 cm per hour, 50 μm; Fig. 2:
11 s, 3 cm per hour, 50 μm and 100 μm (for the 500 μm deep
channels); Fig. 3: 10 s, 3 cm per hour, 50 μm.

After printing, the templates were sonicated (FinnSonic
m15) in industrial grade ethanol for 20 s, and air-dried. The
dry templates were post cured in UV light for 600 s, in the
post-curing chamber of the printer.

The printer uses a proprietary resin (138 US$ per 500 ml),
with different proportions of modified acrylate, modified
acrylate oligomer, acrylate monomer, epoxy monomer, photo
initiator and additives as principal components. The specific
formulation is not disclosed. Since PDMS does not cure on
the templates, the surfaces must be protected with a PDMS
compatible material before casting the polymer. We devel-
oped a procedure consisting of 2 min sonication in industrial
grade ethanol and subsequent ink airbrushing (Neo CN
Iwata, gravity feed dual action airbrush with 0.35 mm nozzle).
Effective surface protection requires the ink (Pentel NN60)
to be applied in thin layers immediately after the template
surface is taken from the ethanol and begins to dry. Ink

coating on completely dried out templates does not allow the
PDMS to cure.

Fig. 1 (a) CAD with 50 μm and 2 mm features combined in the same
design. (b) 3D printout of the structure in (a). The inset highlights
hindrances developed at the 50 μm to 100 μm channel step. (c) Image
of the printed pillar guides used to integrate silicone tubing in the
PDMS structure. (d) PDMS device assembled on a glass substrate
showing no texture at the PDMS–glass interface. (e) Microscope image
of tubing connection to a 500 μm channel. (f) Epi-fluorescence micro-
scope image of PDMS structure filled with fluorescein solution.

Fig. 2 (a) Template for diffusion and chaotic mixers. The pillars are
guides for silicone tubing integration and the external frame contains
the PDMS during curing. (b) Detail of the chaotic mixer design.
(c) Detail of the chaotic bitmap edited refinements. (d) Printed
template. (e) 100 μm deep diffusion mixer showing the mixture of
1 mM fluorescein with 1 mM rhodamine B at 60 μl min−1. (f) 100 μm
deep chaotic mixer imaged in the same conditions as in (e). (g) Idem
to (f) operated at 30 μl min−1. (h) Idem to (g) but for a 500 μm deep
channel. (i) Detail of the 500 μm deep chaotic mixer 3D structure.
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A" B" G. Comina, A. Suska and D. Filippini. PDMS lab-
on-a-chip fabrication using 3D printed templates. 
Lab Chip 2014, 14, 424-430.

mm (width × depth × height; material cost of less than $3) and
featured two inlets and two outlets (Figure 5a). Droplets were
formed when the flows of the aqueous phase, containing a
mixture of two fluorescent dyes, coumarin 334 (green) and
rhodamine B (red), and the organic phase (decanol) merged.
Coumarin 334 is neutral and thus extracted into decanol, while
rhodamine B is positively charged and remains in the aqueous
droplet. The hydrophobic channel wall is wetted with decanol
as illustrated with the green layer surrounding the red droplets
(Figure 5b). 3D printing allowed the inclusion of a spherical
collection reservoir at the end of the extraction channel with
top and bottom channels to direct the separated phases into
two separate reservoirs (Figure 5d) that allow the collection of
separate phases as a single and continuous flow. The inclusion

of windows on the sides of the reservoir facilitates visual
observation of the phase separation to optimize the flow rate
(Figure 5c). The flow rates of both the aqueous sample and
decanol were set at 1 μL/min. The printer used in this work
demonstrates the valuable ability to rapidly and cheaply
fabricate a relatively complicated 3D device in a material that
is resistant to organic solvents, eliminating one of the
limitations of many of the other materials available for 3D
printers.

Isotachophoresis. Another major application area of
microfluidics is electrophoresis where both the electrical
insulation and optical properties are important. However,
performing zone electrophoresis in wide channels (>250 μm)
necessitates the use of low-conductivity buffers to prevent
excessive joule heating that leads to poor separation. ITP is an
electrophoretic separation technique characterized by a self-
sharpening mechanism of the separated zones. In the
discontinuous electrolyte system, the sample ions are separated
on the basis of mobility, with the fastest analytes closest to the
leading electrolyte and the slowest analytes stacked at the
terminator end. We achieved separation of three anionic dyes, 1
ppm xylenol orange (red, fastest), 1 ppm carboxynaphtho-
fluorescein (blue), and 1 ppb fluorescein (green). The ITP
system employs a leading electrolyte composed of 10 mM
hydrochloric acid adjusted to pH 9 with tris(hydroxymethyl)-
aminomethane (Tris) and 0.5% hydroxypropylmethyl cellulose
(HPMC) to suppress the electroosmotic flow. The dyes were
dissolved in the terminating electrolyte composed of 1 mM 3-
(cyclohexylamino)-1-propanesulfonic acid (CAPS) adjusted to
pH 9.4 with Tris. The device contained a 10 cm long serpentine
channel [500 μm × 1000 μm (Figure 6a)], and 1000 V was
applied across the channel (100 V/cm). The zones took 5 min
to reach steady state (Figure 6b). The entire chip was 40 mm ×
25 mm × 4 mm (width × depth × height) with a print time of
12 min costing $1 per microchip. The ability to perform
separations and optical detection on printed devices offers great
research opportunities as modifications, and testing can be
done within hours.

Analysis of Nitrate in Tap Water. To demonstrate the
potential of 3D printing to make complex fluidic microchips, a
microchip was designed for continuous monitoring of nitrate in
water using the Griess test. This is a significant application as
nitrate levels in surface water are usually very low (0−18 mg/L)
but nitrate levels in industrial pollution may be higher than this

Figure 4. Gradient generator. (a) Close-up of one 3D printed unit. (b) Gradient generation using two colored dyes, rhodamine B (left) and
bromothymol blue (right). The device has three levels of combining, mixing, and splitting, resulting in three mixtures with different dye ratios and
pure dyes on the peripheral units. (c) Linear relation between the expected red dye concentration and measured intensity profiles confirming the
splitting ratios of the gradient generator. As the intensity measurements were taken in a white light background, the red dye was read through the
green channel as a negative response, which explains the non-zero intercept.

Figure 5. Droplets for liquid−liquid extraction. (a) CAD design of the
device featuring one channel for the aqueous phase and two channels
for the organic phase. The long straight channel ends with a collection
sphere with channels on top and bottom for the collection of the
organic and aqueous phases, respectively. (b) Extraction of coumarin
334 (green) into decanol (organic phase) from an aqueous mixture
with rhodamine B (red) as seen under a microscope with fluorescent
detection of the formed droplets. The flow rates of both the aqueous
sample and decanol were set at 1 μL/min. (c) Side view of the
collection sphere at the end of the channel showing phase separation.
(d) Top and bottom channels direct each phase into separate
reservoirs.

Analytical Chemistry Article
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standards ISO 10993-5 Cytotoxicity, ISO 10993-10 Sensitization,
ISO 10993-10 Irritation, and USP Class VI. For some devices, a
proprietary process called “Substrate Build Style Option”, in
which the FineLine Prototyping devices are built on top of a
flat smooth substrate, was used to enhance the optical clarity
of the bottom surface of the devices.

Surface roughness measurements were taken using a
KLA Tencor P-15 stylus profilometer (Milpitas, California).
Microchannel width measurements were taken using a Nikon
Eclipse Ti inverted microscope (Melville, New York).

Results
Three-dimensional capabilities of stereolithography

By convention the bottom surface of the vat of fluid resin
defines the XY plane and the orthogonal direction defines
the Z direction in SL. Amongst the greatest advantages of SL
over soft lithography for device prototyping is the ability to
arbitrarily define structures in a fully 3D space, with no
significant increase in fabrication complexity and time for
prototyping. In soft lithography, pseudo-3D devices are fabri-
cated by stacking and assembling multiple individual PDMS
molds together, each of which may only contain features on
one or two Z-planes, depending on whether the mold is
created against only a bottom master or both a top and
bottom master. Additionally, a given master may only contain
a small number of feature heights, and each feature height
must be defined by individual photoresist spin and exposure
steps. Furthermore, non-converging overhanging features
cannot be prototyped using PDMS soft lithography.7 In contrast,
SL devices are built layer by layer in a single piece, with feature
geometries only limited by machine resolution. With SL, a
device with fluid routing through multiple Z-planes (Fig. 2a)
can be built with the same relative ease and cost as a device
with fluid routing through only a single Z-plane (Fig. 2b).
Using integrated female Luer connectors, tubing can easily be

reversibly interfaced with devices using barbed adapters
(Fig. 2b). This also allows syringes to be interfaced directly
with the devices and a wide variety of commercially-available
Luer components including check valves and on/off valves can
be connected to the device inlets and outlets for added func-
tionality. Furthermore, with SL we are able to easily build void
areas in a device's footprint to reduce printing costs and
increase optical clarity or mechanical accessibility (Fig. 2c),
design channels and chambers featuring optical access
through one of its sidewalls (Fig. 2b–d), overlap channel
features in separate Z-planes (Fig. 2a and e), and place Luer
connectors in lateral, non-moldable configurations (Fig. 2f).

Resolution

Although commercial SL systems have laser beam diameters
on the order of 100 μm and Z-step sizes on the order of
50 μm, during the SL fabrication process the microchannel
walls trap uncured liquid resin which must be drained out of
the device prior to a final UV curing step.11 This “hydrodynamic”
limitation ends up being more important than the laser's
limitations. The SL service we used, which advertises experi-
ence in building microfluidic devices, only commits to clearing
microchannels that are 500 μm × 500 μm or 635 μm × 635 μm
depending on overall device complexity.

The female Luer connectors built into the devices not only
simplify the interfacing of external fluid sources with the
devices but also facilitate the draining of liquid resin from
the microchannels and rinsing of the microchannels with
solvents. Taking advantage of the integrated Luer connectors
during the cleaning process, a complete seal can be formed
between a syringe or reservoir of cleaning solvent and the
Luer inlets; thus, the pressure applied to the source of
cleaning solvent is fully transmitted through the Luer inlets
into the microchannels for efficient clearing of uncured
resin, regardless of microchannel geometry.

Fig. 2 Photographs of (a) a coil-shaped microchannel device and (b) the interfacing of tubing with integrated Luer connectors. Micrographs
demonstrating (c) how void areas can be removed from the footprint of SL devices, (d) how closed chambers can be optically accessed from
precisely-defined sidewalls of a device, (e) an inlet distributor with a folded geometry, and (f) a Luer inlet oriented parallel to the plane of the chip.
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§  « LEGO » like microfluidics

square cross sections such that the net resistance for geometrically
complex two-port devices (e.g., helically shaped mixers) could
be computed from series addition of internal resistances. The
resistances of segments themselves were calculated using Eq. 1,
derived from the solution to the Navier−Stokes equation for
Poiseuille Flow in straight channels (18).

Rhyd =
28:4ηL
h4

: [1]

Here, η is the dynamic viscosity of pure water at room temper-
ature (1 mPa·s), L is the length of a segment, and h is the height
or width of the (square cross section) channel. To determine the

approximate resistance of our components to use in further net-
work analysis of assembled circuits, we optically measured the
average cross-sectional side length of several channels (Table S2)
and determined their variation from designed values. The ex-
pected resistance and tolerance (Table S1) for each element
associated with these values was found to deviate within a range
comparable to that of standard discrete electronic resistors. For
elements with more than two ports, an equivalent internal circuit
model was constructed, and the internal segment resistance is
stated explicitly.

Tunable Mixing Through Flow Rate Division
We gauged the accuracy of our resistance calculations by con-
structing a parallel circuit that compares disparate branch flow
rates due to a constant pressure source. The assembly described
in Fig. 2 was modeled as an equivalent circuit consisting of two
branch resistors R and Rs grounded by two dyed water reservoirs
and terminated by outlet resistor Ro. Each branch was designed
to differ by only a reference and selected component resistance,
Rref and Rselect, while having identical support components
resulting in equal structural resistance Rstruct. The volumetric
mixing ratio mo of dye streams combined in the outlet resistor
was predicted by nodal analysis (see SI Text, Note S2) to have
simple dependency on only the selected, reference, and branch
structural resistances (Eq. 2).

mo =
Qy

Qb
=

Rstruct +Rref

Rstruct +Rselect
: [2]

The method of Park and coworkers (19) was adapted to measure
several mixing ratios with varying Rselect and compared with the-
oretical values calculated from Eq. 2, validating our model with
good agreement (Fig. 3). Briefly, the resident widths of unmixed
collinear dye streams were measured optically in the junction
before diffusive mixing could occur. Assuming that the two dyed
water streams have equal dynamic viscosity, the ratio of their
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Fig. 3. Comparison of experimental and theoretical mixing ratios for a va-
riety of Rselect values (error bars represent the SD over 12 measurements).
Insets show the coflowing streams at the T junction; the ratio of stream
widths was used to find the output mixing ratio mo.

A

B

C

D

E

F

Fig. 4. Single-outlet subcircuits were combined to parallelize operation of the tunable mixer to have (A and B) two, (C and D) three, and (E and F) four
outlets. Each subcircuit is constructed identically and arranged around a single inlet splitter such that the mixing ratio at each outlet is independently
controlled by corresponding choices of reference and select resistors.
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process (9, 14, 15), the powerful analysis techniques used in
electronics design have not been widely adopted by the micro-
fluidics community largely due to the lack of a standardized parts
platform for circuit construction, inhibiting the exploration of
large-scale designs and the growth of the field in general. In
other words, the advent of discrete microfluidic components
with standardized interconnects and dimensional freedom
naturally fits within the framework of design based on well-
defined device terminal characteristics. Recently, additive
manufacturing techniques such as high-resolution stereo-
lithography have been demonstrated as effective tools for the
rapid manufacturing of integrated microfluidic systems with-
out need for a clean room (16, 17). Designers can now create
complex channel networks in three dimensions and choose
from a wide selection of material properties, but the cost and
time involved in fabricating a single design iteration is still very
high. A simpler approach would be to batch manufacture a va-
riety of primitive elements from which a designer can assemble
a functional microfluidic system. The iterative process then
becomes one of immediate gratification in that the designer can
quickly modify an assembly in response to fundamental design
error or replace a component in order to optimize operation. The
devices presented in this report take advantage of these new
manufacturing approaches to produce discrete microfluidic ele-
ments with a rich variety of terminal hydrodynamic characteristics
and integrated electronics for in situ process monitoring. Additive
manufacturing allows the components to be made with high yields,
low waste, and high resolution in three dimensions, enabling the
development of an interconnect system that is not dependent on
planar circuit layout.
We demonstrate an overall system development strategy that

closely mimics the one used in board-level electronic circuit
design and production. Analysis of pressure−flow relationships
within microfluidic circuits is simplified using network analysis
based on cataloged component terminal characteristics. System
fabrication is reduced to a hands-on practice similar to assem-
bling Lego bricks and aided by descriptive visual cues on each
component in analogy to markings found in standardized elec-
tronic parts. Postassembly system verification involves running
test flows, optimizing operating conditions, and repairing or
modifying the assembly and design accordingly. Active process
monitor data are communicated to a computer through a simple
microcontroller. Systems can be permanently sealed by applica-
tion of adhesives to the joints or potting the circuit in its entirety.

Design Concept
The fluidic components presented herein were primarily designed
to contain the microfluidic elements most commonly used to
perform passive fluid operations, such as junctions, mixers, splitters,

and chip-to-world interfaces. All components containing functional
elements were built to a standard, cubic geometric footprint (1-cm
side length) and interconnect solution (Fig. 1), which lends itself
easily to 3D system configuration. Inlet and outlet elements were
designed to snuggly fit widely available 1/16” o.d. tubing to allow
users to interface with their devices without having to commit to
a proprietary chip-to-world interconnect solution. The exterior
faces of each component were marked with symbolic cues that
correspond to the orientation and type of element within, aiding
in rapid assembly based on diagrammatic expression of the intended
system. This is similar to the use of orientation marks on the
packaging of fundamental discrete electronic components such
as resistors, capacitors, inductors, and diodes.
Elements were terminated on component faces by female-style

ports that fit a male-male style connector by means of an elastic
reversible seal, enabling plug-and-play operation and reconfi-
guration of circuits. The female ports, corresponding male con-
nector pins, and channels themselves were built with a square
shape to ensure optical clarity through their interfaces and consis-
tent cross-sectional channel orientation between element and
connector channels. The seating of connector pins in ports was
designed to ensure self-alignment and continuity between channels
(Fig. S1). Unlike jumper-cable-style interconnects, connectors of
this style will not lead to an accumulation of particles or increase
requirements for sample volumes by breaking circuit routing out of
a microfluidic environment. Connector channels, designed to
have 1 mm in side length, are larger than the element channels,
typically designed with 500- to 750-μm side length (Tables S1 and
S2), to limit their contribution to hydrodynamic resistance while
ensuring low Reynolds number flow. Connectors have a spacer
between pins to alleviate difficulties in connecting and disconnect-
ing them from components by hand. The spacers are cylindrical,
and serve as lenses that optically magnify the appearance of flows
and aid in postassembly test and inspection.
The library of components is shown in Table S3; their terminal

hydrodynamic properties are given in Table S1. The hydraulic
resistance of each element was calculated for use in circuit
analysis assuming low Reynolds number flow, and varied by ei-
ther modulating the cross-sectional side length of the channel or
the length of the channel segment packed into the component.
Each element was designed using straight channel segments with

Connector 

Component Cue 

Element 
Spacer 

A B

C

10mm 

Fig. 1. (A) CAD assembly drawing of a 1-mm male−male connector aligned
with female-type port terminating a 750-μm microfluidic element of straight
pass type. (B) The flat mating surfaces of the connector pin and port allow
for easy optical inspection of the connector−element channel junction. (C)
Chip-to-world interfacing is performed through a single component that
reversibly seals to standardized 1/16” PEEK tubing.

Qb RsR Qy

P 

Qo
Ro

BA

Rselect

Rref

Fig. 2. (A) CAD assembly drawing for a 2-input, 1-output concentration
gradient generator in which a single branch resistor varies the mixing ratio
(Rselect = RM,750 as shown, see Table S1 for explanation of nomenclature and
channel sizes). (B) Equivalent circuit diagram where R is the equivalent
branch resistance compared with Rs, which is inclusive of control resistor
Rselect and additional resistance due to structural components such as in-
terface, connector, and T-junction components.
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Another unique design of these components is that each
element can be assembled in the X, Y, and Z–axis orientations,
depending on the experimental purpose of the device. The
upper face of each module corner has two holes that connect
with each other using horseshoe-shaped pins to enhance
connectivity as shown in Fig. 1b. At the ends of the channels,
shallow circles were also present for insertion of rubber O-rings.
All the unique design features were illustrated in Fig. 1 and 2.

Module fabrication

The modules were directly printed from a computer design
using a 3D printer. The module design for the customized
microuidic components was laid out in 3D using a computer-
aided design (CAD) program for preparation of geometric
coordinates. From these data, the printer program automati-
cally recognized multiple layer blueprints. Based on the coor-
dinates, the print head precisely printed multiple layers of the
UV curable liquid polymer onto a at surface. Once the polymer
spread, a UV lamp was used to solidify the liquid polymer into
hard polymer. During the process, wax was also printed to ll
the voids and prevent potential collapse of the main structures.
These processes were sequentially and repeatedly performed.
Aer nishing all the processes, the wax was carefully removed
from the microuidic modules and the voids became micro-
channels. These detailed processes are illustrated in Fig. S1.†
Direct printing of the desired design into the working modules
is important. However, limitations in printing resolution are
inevitable due to the accuracy and size of printer components

and rheological properties of the raw material. To check the
operating range of the 3D printer, the microchannels were
designed in the range of 100–1000 mm in width and 50–500 mm
in height. From the obtained data, we compared the dimen-
sions of width and height of channels from the design and the
actual modules, as shown in Fig. S2 and Table S2.† From the
given ranges, channels with less than 100 mm width and 50 mm
height showed collapsed structures and inaccurate dimensions,
which may not be suitable for use. However, the microchannel
width exhibited about 35 mmdifferences between the schematic
designs and actual modules in the range of 100–1000 mm. In
addition, the height differences between the design and printed
modules were less than 11 mm from a given range of 50 up to
500 mm. Based on these observations, the 3D printer showed
better accuracy in the vertical direction (i.e. height) than the
horizontal direction (i.e. width). Furthermore, the roughness of
module surface was also investigated using atomic force
microscopy (AFM), as shown in Fig. S3.† The surface exhibits a
surface roughness of 288 nm root mean square (RMS) for the
module. All the dimension differences are similar to the given
specications from the 3D printer manufacturer. Therefore, the
resolution of 3D printing indicated by this method is suitable
for the fabrication of module-based microuidic devices.

Assembly and connectivity

The sealing and connectivity are signicantly important in
module-based systems to prevent potential liquid leakage and
device malfunction. At the macroscopic scale, the perfect

Fig. 1 (a) Schematic illustration and photographic images of functional modules and (b) schematic illustration of block chip assembly.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 32876–32880 | 32877
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connection without any solution loss may difficult to achieve
due to the microscale inaccuracy at the interface of the
modules. Therefore, an elastic material could be an alternative
solution for perfect sealing because of its elasticity.14 In this
case, we inserted a rubber O-ring between two modules as a
temporary sealing agent.

To check the capability of this rubber cushion, we consid-
ered three different scenarios: (a) without using an O-ring, (b) a
pristine O-ring, and (c) an O-ring with silicon grease. All
modules were tested using a digital pressure gauge and a dye
solution for leakage tests (Fig. S4a†). The most signicant level
of leakage of the dye solution was observed with no O-ring
present in the connection (Fig. S4†). In contrast, the O-ring
containing modules can reach up to 200 kPa. Moreover, we
also employed silicon grease around the O-ring to upgrade its
performance to more than 800 kPa. The dramatic improvement
in leakage resistance of the O-ring (about 800 kPa) was at least

four times that of the pristine O-ring (200 kPa) as shown in
Fig. S4c.† These distinct phenomena were mainly a result of the
hydrophobic nature of grease as a barrier to minimize perme-
ation of solution around the interconnected area. In agreement
with previous reports, PDMS modules could maintain their
functionality up to 40 kPa without using adhesive materials
while PDMS-sealed PDMS modules held up to 200 kPa.13 To
address the recyclability of modules, potential different
methods of assembly and disassembly were also demonstrated
in Fig. 3. Red ink was owed through the channels for clear
observation of the different assembly methods.

Overall, the main advantages of the modules are categorized
into two parts. From the user's point of view, the modules easily
convert into customized microuidic device according to user
design. Note that the module assembly can be done anywhere
without the need for any templates or glue. Compared to other
PDMS-based blocks,5,13 these module-based components can be
disassembled and re-assembled into functional microuidic
devices with O-rings and metal pins for different experimental
purposes (Fig. 3). In addition, recycling each module can save
fabrication time and cost for further applications. Moreover,
from the research community's perspective, the potential users
who might benet from the technology could adopt this system
to incorporate microuidics into their research.

Fig. 2 Unique design features for module assembly (a) cone-shaped
alignment features, (b) o-ring hole, and (c) horseshoe-shaped metal
pin hole.

Fig. 3 Photographic image of integrated microfluidic device for (a)
biosensing and (b–e) several possible applications.

32878 | RSC Adv., 2014, 4, 32876–32880 This journal is © The Royal Society of Chemistry 2014

RSC Advances Communication

Pu
bl

is
he

d 
on

 0
8 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
EA

 S
ac

la
y 

on
 0

7/
10

/2
01

4 
13

:0
5:

15
. 

View Article Online

A" B" C"Inlet/Outlet)Channel)

Gradient)Generator)

K. G. Lee, K. J. Park, S. Seok, S. Shin, D. H. Kim, J. Y. Park, Y. S. Heo, S. J. Lee and 
T. J. Lee. 3D printed modules for integrated microfluidic devices. RSC Advances 
2014, 4, 32876-32880.

Stereolithography for microfluidics



Stereolithography for microfluidics

Technical specifications :

-  Resolution X,Y : 40 um
-  Resolution Z : 10-100um 
-  Laser Wavelength  : 405 nm 
-  Samples size (15 x 15 x 10 cm -  X,Y,Z)
-  Laser speed  : 6m/s

•  SLA system : DWS 29J+

Materials :
-  Commercial UV photosensitive resists
-  Commercial SLA resists (PU, acrylate + 

microparticles …)
-  Home made materials (Hydrogels …)
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Stereolithography for microfluidics

Juskova,	P.;	Ollitrault,	A.;	Serra,	M.;	Viovy,	J.-L.;	Malaquin,	L.	Analytical,	Chimica	Acta,	2017.	

à	European	project	HOLIFAB	:	Pilot	Line	(	Sculpteo,	Fluigent)	

DS3000 (DWS) – 
Transparent Biocompatible 

GM08b (black, rubber like)



Stereolithography for microfluidics

Magnetic clamping system
Integrated channels (300µm)
Integrated o-rings for glass/dryfilm device connection
Integrated Upchurch ports

DS3000 material, DWS 29J+, R. Courson, V. Raimbault, J. Foncy

Objectives : 
•  Integration of sensors / electrodes
•  Integration of optical sensors / waveguides for detection 

Coupling silicon technologies  &  SLA Cochlea models for electrode 
implantation and fabrication 
(OTICON)

1 cm 



Stereolithography for microfluidics

à Alumina/Silica  doped photoresist
•  Lower X,Y resolution 
•  Higher Z resolution  

(compared to DS3000)

•  High mechanical resistance  
/ Low deformation 

•  Composite materials for improved mechanical properties

•  Composite materials for improved acoustic/biological properties : Trabecular bone scaffolds (HA composites)

F. Mézières et al. J. Acoust. Soc. Am. 2016, 139, EL13--EL18.

•  Hybridization : Magnetic Transparent materials 



Photosensitive PDMS ? 

Long exposure time + baking
Resolution : 50 µm ?



Photosensitive PDMS ? 

Long exposure time + baking
Resolution : 50 µm ?



X,Y vs Z resolution … 



When limit is mechanics …



When limit is mechanics …

https://www.carbon3d.com/



Biological machines …

Cvetkovic, C., Raman, R., Chan, V., Williams, B. J., Tolish, M., Bajaj, P., ... & Bashir, R. (2014). Three-dimensionally printed 
biological machines powered by skeletal muscle. Proceedings of the National Academy of Sciences, 111(28), 10125-10130.



Biological machines …

Cvetkovic, C., Raman, R., Chan, V., Williams, B. J., Tolish, M., Bajaj, P., ... & Bashir, R. (2014). Three-dimensionally printed 
biological machines powered by skeletal muscle. Proceedings of the National Academy of Sciences, 111(28), 10125-10130.

Movie



DILASE 3D (LAAS / KLOE partnership, LEAF Equipex)

 
§  Objective : combining High Resolution Laser Lithography to SLA concepts

Materials :

-  KLOE’s materials
-  Commercial UV photosensitive resists
-  Commercial SLA resists 

(PU, acrylate + microparticles …)
-  Home made materials (Hydrogels …)

Technical specifications :

-  Targeted Resolution X,Y : 5um
-  Targeted Resolution Z : 5-100um 
-  Laser Wavelength  : 405 nm (50 mW)
-  Samples size (10 x 10 x 5 cm -  X,Y,Z)

Stereolithography for microfluidics



Technical specifications :

-  Targeted Resolution X,Y : 5um
-  Targeted Resolution Z : 5-100um 
-  Laser Wavelength  : 405 nm (50 mW)
-  Samples size (10 x 10 x 5 cm -  X,Y,Z)

High resolution Stereolithography 

DILASE 3D (KLOE SA / LAAS CNRS)



Voldman et al , Nature Methods, 2009

High resolution Stereolithography

A. Accardo et al , Additive Manufacturing, 2018ccc



High resolution Stereolithography

A. Accardo et al , Additive Manufacturing, 2018ccc



High resolution Stereolithography

A. Accardo et al , Additive Manufacturing, 2018ccc



Improving the resolution of stereolithography 

Ormocomp resists (Microresist Technology) 



Printing complex architectures

Menger sponge design
Volume : 1x1x1cm3

Smaller channels : 100µm

A. Accardo et al , Additive Manufacturing, 2018ccc



Stereolithography for microfluidics

Technical specifications :

-  DILASE MR targeted resolution X,Y : 5 - 20 µm
-  DILASE Bio targeted resolution : 10 - 65 µm
-  Automatic switch
-  Alignment in progress 
-  Targeted Resolution Z : 5 - 100 µm 
-  Laser Wavelength  : 405 nm (50 mW)
-  Samples size (10 x 10 x 5 cm -  X,Y,Z)
-  Targeted Laser speed  : 100 mm/s
-  Targeted Roughness : < 2µm

Writing time of a simple square of 6 mm3

-  Dilase V1 : 60 min
-  Dilase V2 : <1 min

Multiresolution printing 



A. Maziz et al.  submitted to Analytical Bioanalytical Chemistry
	

Bioplume : MEMS-based picoliter droplet dispenser  	

à Future Integration of piezo sensors / electrodes
à  Improving mechanical properties 

A. Maziz, R. Courson, T. Leichlé, Ali Maziz (LAAS CNRS) 

MEMs fabrication 



Towards 4D printing

4D Printing movie



Selective Laser Sintering

Suitable for  …
•  plastic
•  metal
•  ceramic
•  glass powders
•  …

Price ?
Resolution (>100um)

Selective Laser Sintering (SLS) uses a laser as the power source to sinter powdered material 

start 15s or 40s



SLS / Ink Jet Printing on polymer powder

§  Dimensions:	up	to	1m	

§  Resolution:	around200	um	(function	of	size	distribution)	

§  Materials:	Metals,	ceramics,	polymer,	composites	…	

§  Application:	Engines,	implants,	prosthesis,		

§  Post	procession	&	cleaning

Price > 100kEuros  - Controlled environment !



Bioprinting



3D Bioprinting …what does it mean ? 



What is needed :
•  3D topography 
•  Porosity
•  Stiffness
•  Cell heterogeneity
•  Environment control
•  Vascular network 

3D Bioprinting …what does it mean ? 

à Organogenesis (too ambitious so far  ?)
à Creating tissue models
à Building cell microenvironments

à What is the complexity required for a functional tissue ?



3D printing for cell and tissue engineering … 

… a Sci Fi movie ? 

A Sci Fi movie  … ? 



Too much anthusiasm ? 

Confidential Murphy, S. V., & Atala, A. (2014). 3D bioprinting of tissues and organs. Nature biotechnology 



Bioprinting … how to ?

Murphy, S. V., & Atala, A. (2014). 3D bioprinting of tissues and organs. Nature biotechnology 

•  Most current approaches 

•  First demonstration in 2004

Thomas Boland (Univ. South Carolina)

à Hydrogel & cells in a HP Inkjet printer 



Bioprinting tissues … how to  ?

Murphy, S. V., & Atala, A. (2014). 3D bioprinting of tissues and organs. Nature biotechnology 



Zopf, D. A., Hollister, S. J., Nelson, M. E., 
Ohye, R. G., & Green, G. E. (2013). 
Bioresorbable airway splint created with a 
three-dimensional printer. New England 
Journal of Medicine, 368(21), 2043-2045.

Implantable devices

An implanted polycaprolactone scaffold for pulmonary-artery hypoplasia



Wang, J., Yang, M., Zhu, Y., Wang, L., Tomsia, A. P., & Mao, C. (2014). Phage 
Nanofibers Induce Vascularized Osteogenesis in 3D Printed Bone Scaffolds. 
Advanced Materials.

•  calcium phosphate (BCP) with a composition of hydroxyapatite 
(HA) and β-tricalcium phosphate (β-TCP) at a mass ratio of 
60/40, was produced using a 3D printing technique in Pluronic 
F127

•  RGD-phage (peptide fiber) could induce the differentiation of 
mesenchymal stem cells (MSCs) into bone forming cells 
(osteoblasts) and 

Bioprinting tissues

Two steps approach
1) Scaffold, 2) Cell seeding 

- Controlling the rigidity of the scaffold
- Controlling the chemistry of the surface
- Cell density/heterogeneity during seeding 
- Degradability



Bioprinting tissues

One step approach :
Cell w/o ECM printing 

Kolesky, D. B. et al. (2014). 3D Bioprinting of Vascularized, 
Heterogeneous Cell‐Laden Tissue Constructs. Advanced Materials, 
26(19), 3124-3130. 

-  Controlling cell viability
-  Controlling cell density, heterogeneity
-  Stability of the structures …
-  Vascularization … 
-  Possibility of self evolving à 4D printing ? 

Schematic view (a) and fl uorescence images of an engineered tissue construct cultured for 0 
and 2 days, respectively, in which red and green fi laments correspond to channels lined with 
RFP HUVECs and GFP HNDF-laden GelMA ink respectively. The cross-sectional view ishows 
that endothelial cells line the lumens within the embedded 3D microvascular network

Kolesky, D. B., Truby, R. L., Gladman, A., Busbee, T. A., Homan, K. A., & 
Lewis, J. A. (2014). 3D Bioprinting of Vascularized, Heterogeneous Cell‐
Laden Tissue Constructs. Advanced Materials, 26(19), 3124-3130. 

ed



Bioprinting tissues … what does it mean ?

 

§  Materials (Topography, stiffness, cell viability, soluble factors, angiogenesis, …) 

Murphy, S. V., & Atala, A. (2014). 3D bioprinting of tissues and organs. Nature biotechnology 



Selecting the right material to print

Parameters :
 - Porosity
 - Stiffness
 - Compatibility
 - Degradability 
(kinetics, byproducts)
 - Mechanical stability
 - Biomimicry
(Proteins, soluble factors …)

Polycaprolactine, Pluronic F 127, composite materials … 
Bajaj, P.; Schweller, R. M.; Khademhosseini, A.; West, J. L.; Bashir, R. 3D Biofabrication Strategies for Tissue Engineering and 
Regenerative Medicine. Annu. Rev. Biomed. Eng. 2014, 16, 247–276.



Selecting the right material to print



Selecting the right material to print



Extrusion Bioprinting  … for multimaterial scaffolds

Performances :
Common Resolution : 100 – 200 µm
Speed : 10 – 50µm/s

•  Continuous extrusion of material bead
•  Temperature controlled material
•  Nozzle with variable diameters
•  Moving printing heads

Materials : 
•  Large range of viscosities ( 30mPa.s / 6.107mPa.s)
•  UV / Thermically cross linked (35°C-40°C)
•  Shear thinning materials
 

Potential issues : 
•  Cell viability (survival rate (40-86%)
•  Viability depends on pressure
•  Viability depends on nozzle diameter (shear stress)
•  Viability <Inkjet, LIFT 



Vascular structures … an essential step towards organs 

Kolesky, D. B., Truby, R. L., Gladman, A., Busbee, T. A., Homan, K. A., & 
Lewis, J. A. (2014). 3D Bioprinting of Vascularized, Heterogeneous Cell‐
Laden Tissue Constructs. Advanced Materials, 26(19), 3124-3130. 



Vascular structures … an essential step towards organs 

ed

Kolesky, D. B., Truby, R. L., Gladman, A., Busbee, T. A., Homan, K. A., & Lewis, J. A. (2014). 3D Bioprinting of 
Vascularized, Heterogeneous Cell‐Laden Tissue Constructs. Advanced Materials, 26(19), 3124-3130. 

•  Cell seeding (HUVECS, 
Fibroblasts …)

•  Functionnal network
•  ECM



Vascular structures … an essential step towards organs 

Kolesky, D. B., Truby, R. L., Gladman, A., Busbee, T. A., Homan, K. A., & Lewis, J. A. (2014). 3D Bioprinting of 
Vascularized, Heterogeneous Cell‐Laden Tissue Constructs. Advanced Materials, 26(19), 3124-3130. 

•  Cell seeding (HUVECS, 
HNDF, Fibroblasts …)

•  Functional network
•  ECM



Printing ears

Mannoor, M. S., Jiang, Z., James, T., Kong, Y. L., Malatesta, K. A., Soboyejo, W. O., ... & 
McAlpine, M. C. (2013). 3D printed bionic ears. Nano letters, 13(6), 2634-2639.



Printing ears

Mannoor, M. S., Jiang, Z., James, T., Kong, Y. L., Malatesta, K. A., 
Soboyejo, W. O., ... & McAlpine, M. C. (2013). 3D printed bionic 
ears. Nano letters, 13(6), 2634-2639.

•  chondrocytes
•  alginate hydrogel matrix
•  electrically conductive 
silver nanoparticles (AgNP)

Bionic ear - printing



Printing hearts … 





•  PCL : Scaffold
•  Pluronics 127 : sacrificial layer
•  Gelatin/Fibrinogen/HA/Glycérol :
•  cell seeded hydrogel

Advantages : 
•  complex tissues with better 

integrity for implantation
•  vascularization 
•  resolution : 2µm ?? 

Disadvantages : 
•  same as extrusion based system



Printing liver



Microextrusion printing 

Printing microtissues / tissue spheroids

à synthesis of more sophisticated soft 
natural-like biomaterials and extracellular 
matrices (bioprocessible and biomimetic 
stimuli-sensitive functional hydrogels)

V. Mironov et al. / Biomaterials 30 (2009) 2164–2174



V. Mironov et al. / Biomaterials 30 (2009) 2164–2174

Microextrusion printing



Scaffold free vs scaffold tissue engineering



http://www.cyfusebio.com/

Itoh, M., et al. PLoS One 10, e0136681, 2015.



à Both adapted to non bio and bio materials

Inkjet printing

•  Digitalized printing (controlled volumes)
•  2D deposition
•  Moving printing heads
•  Thermal / Acoustic / Piezo actuation
•  High speed / low price

Potential issues: Cell viability ? 
•  Thermal stress : Heating nozzle (200°C-300°C)
… limited temperature increase (4°C-10°C)
•  Mechanical stress (shear stress)
•  Nozzle clogging
•  Resolution : 50um

Materials : 
•  Liquids ( viscosity <10Cp)
•  Stability after printing

à Chemical, pH or UV mechanisms 
to cross link
à Toxicity ? 



Wound closure rates are increased in AFS cell- and MSC-treated 
mice. (A): Gross histology images illustrating wound closure in 
gel-only, MSC, and AFS treatments. (B): Percentage of unclosed 
wound remaining at surgery, 1 week, and 2 weeks. Significance: *, 
p < .05; **, p < .01. Abbreviations: AFS, amniotic fluid-derived 
stem; AFSC, amniotic fluid-derived stem cell; MSC, mesenchymal 
stem cell.

Bioprinting stem cells for treatment of skin wounds. (A): A schematic describing the approach by 
which amniotic fluid-derived stem (AFS) cells are bioprinted in order to increase healing of a full-
thickness skin wound. Wounds containing the deposited gels with green fluorescent protein-
tagged AFS cells were harvested 24 hours postprinting and analyzed with confocal microscopy. 
Images revealed evenly distributed cells in the gels, as viewed from above (B) or from the side 
(C).

Inkjet printing



Laser assisted bioprinting (LAB)

Laser Induced Forward Transfer
Principle :
•  Pulsed laser source 
•  Ribbon coated with bioink
•  Absorbing layer (Ti, Au)



Laser assisted bioprinting (LAB)

Laser Induced Forward Transfer
Principle :
•  Pulsed laser source 
•  Ribbon coated with bioink
•  Absorbing layer (Ti, Au)



Laser assisted bioprinting (LAB)

•  Neurons
•  Progenitor cells
•  Endothelial cells
•  Bacteria

Advantages :
High cell viability
Single cell resolution
Nozzle free technique



Specifications :
-  parts are built from a liquid photopolymer
-  each layer is created by a UV laser that cures one cross section at a time. 

Bioprinting … increasing resolution with Stereolithography



Resolution x,y
SLA: spot size > 30um
DMD-PP : pixel size > 50um
Resolution z
Down to 1µm

Materials : 
Photosensitive polymers
(synthetic / natural)
ex : PEG DA, GelMA, …

Limits: 
Cell viability
Photoinitiator compatibility
Multimaterials (single material at a time)

Advantages : 
Speed
Simple, low cost
No viscosity limitation
Large area

Bioprinting … increasing resolution with Stereolithography



Stereolithography (SLA) & 
Digital micromirror-based projection printing

àLong term cell culture
à Mutlimaterial ?



L.	Malaquin,	P.	Juskova,	J.L.	Viovy	

Bioprinting … increasing resolution with Stereolithography



Kloe’s know-how and expertise :

-  High resolution (0,5 um)
 & High aspect ratio
-  Photosensitive materials
-  Lithography software

Stereolithography Concepts

-  Large samples (> 30x30x30cm)
-  Z slicing
-  Photosensitive materials/composites

§  Trabecular Bones

Echography for osteoporosis analysis
(LAAS, Curie Inst., Langevin Inst.)

200um

(1) Mézière, F.; Juskova, P.; Woittequand, J.; Muller, M.; Bossy, E.; Boistel, R.; Malaquin, L.; 
Derode, A. Experimental Observation of Ultrasound Fast and Slow Waves through Three-
Dimensional Printed Trabecular Bone Phantoms. J. Acoust. Soc. Am. 2016, 139, EL13–EL18.

Bioprinting … increasing resolution with Stereolithography



Kloe’s know-how and expertise :

-  High resolution (0,5 um)
 & High aspect ratio
-  Photosensitive materials
-  Lithography software

Stereolithography Concepts

-  Large samples (> 30x30x30cm)
-  Z slicing
-  Photosensitive materials/composites

Fabrication of trabecular bones 

BoneBone’s phantom



Kloe’s know-how and expertise :

-  High resolution (0,5 um)
 & High aspect ratio
-  Photosensitive materials
-  Lithography software

Stereolithography Concepts

-  Large samples (> 30x30x30cm)
-  Z slicing
-  Photosensitive materials/composites

Bone sample

200um

Two$weeks� Three$weeks�

MSCs$inside$the$bone$scaffolds$with$Cell$trace$YELLOW$staining$
Bone$scaffold$

One$week�

In vitro scaffolds for Mesenchylmal stem cell culture
 (F. Deschaseaux, StromaLab Toulouse, France) 

Fabrication of trabecular bones 



Tumor progression: influence of microenvironmentVan	der	Flier	L.G.	and	Clevers	H.,	Annue.	Rev.	Physiol,	2009	
Tian	H.	et	al,	Nature,	2011,	Clevers	H.,	Cell,	2013,	Barker	N.,	Nature,	2014	

§  Villi (differenciated and proliferating cells)
§  Crypts (2 Stem Cell populations)

Collaborations	:		
A.	Besson,	J.	Creff	(PhD)	CBI	Toulouse	
A.	Ferrand,	D.	Hamel	PhD)	IRSD	Toulouse	
S.	Descroix	(Institut	Curie)	Paris	

•  Growth factor gradients (Wnt, BMP…)
•  Biomechanical forces (rigidity, shear stress)
•  Absence of co-culture 
•  Variability
•  Matrigel dependent 

In Vitro models of intestinal epithelium 

Finding alternative to Organoids or 2D cell culture à in vitro standard models 

Intestinal epithelium compartments



Impact of 3D topography on intestinal stem cell: 

Biomaterials, 2017 

Culture of intestinal crypts in 2D on crosslinked 
collagen 

Stem medium à only proliferatives cells 
Differentiation medium àonly differentiated cells 

EdU: proliferative cells 
MUC2 (Mucin), ALP (alkalin Phosphatase): differentiated 
markers 

 
à No mucus production
à Differenciation into 2 cell types 

In Vitro models of intestinal epithelium 

•  Fabrication  scaffold using molding or photolithography based approaches

Albert G Castaño et al., Biofabrication 2019, 11 (2)
  

§  3D complex architecture
§  Rapid prototyping / Flexibility

§  Material ? 
§  Resolution ?
§  Production throughput ? 

A. Accardo, A.; et al. Addit. Manuf. 2018, 22, 440–446.

Y. Wang et al. Biomaterials. 2017, 128 (44).



PEG-DA: 
•  Biocompatible and photosensitive
•  Controlled mechanical properties 
•  Optical transparency
•  PEG-DA alone: very weak cellular adhesion à addition of acrylic acid 

Chen L., Langmuir, 2015 

PEG-DA : poly(ethylene)glycol diacrylate
AA  : Acrylic Acid 
Irgacure 819 / LAP = photoinitiator

Developing a photosensitive hydrogel materials



•  SW480/Caco2  colorectal cancer cells on  
2D surfaces

•  Caco 2 cell lines
•  Optimum found for PEG-DA 700 at 40% (v/v) + 

30% acrylic acid
•  Cell morphology and number analysed at D6
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Developing a photosensitive hydrogel material

Cell culture validation 



High-resolution 3D printing
•  Stereolithography
•  Printer: Dilase 3D (LAAS-KLOE), additive fabrication
•  Multi Resolution system 

Materials :
-  UV–Vis photosensitive materials

Dilase 3D (SLA):
-  Resolution X,Y : 3 / 20-65 um 
-  Resolution Z : 5-100um 
-  Laser Wavelength  : 375/405 nm (50 mW)
-  Samples size (10 x 10 x 5 cm -  X,Y,Z)
-  Laser speed  : 100mm/s
-  Roughness < 2µm

www.kloe.com
Montpellier , France

High resolution 3D printing with stereolithography

A. Accardo, A., et al. Addit. Manuf. 2018, 22, 440–446.
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à Slight swelling of the hydrogel 
material (10%)

à Young modulus :90 ± 9 kPa for 
(40% PEGDA, 30% acrylic acid, 250 
μg/mL fibronectin)

High resolution 3D printing with stereolithography
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J. Creff, R. Courson et al . Biomaterials 2019, 221, 119404.



In-vitro models of intestinal epithelium
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Caco2 cell line - 6 days of culture 
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F-actin (FITC-Phalloidin, green).
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Influence of architecture on cell differentiation

Enlarged area Projection xz section 758µm 
180µm 

345µm 

xz section Middle of villi End of villi 
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DRAQ5 (Hoechst 33342)
F-actin (FITC-Phalloidin).
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à  Hydrogel materials promotes initiation of cell polarization
à  3D architecture favors long term cell polarization 

•  Polarization of the epithelium in 3D 
•  Elongation of the cells over time 
•  3D: increased elongation à improved 

differentiation 

20µm

50µm

J. Creff, R. Courson et al . Biomaterials 2019, 221, 119404.



Enlarged area 
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Influence of architecture on cell differentiation

Villi height : 500 µm

Villi height : 1,5mm

Caco2 cells , 21 days of culture

à Similar results 
à Same differentiation at D21
à Status at D3, D6, D12 ?  



•  “LAMP” Light Assisted Microfluidic Printing (patent pending)

Patent filed (LAAS CNRS – TTT) 

200 µm

100 µm
150 µm

200 µm
250 µm

300 µm
350 µm

Technical specifications :

-  Multimaterial (Microfluidic injection)
-  Matrix or Cell printing 
-  Targeted Resolution X,Y : 20um
-  Targeted Resolution Z : 5-500um 
-  Laser Wavelength  : 405 nm (50 mW)
-  Samples size (10 x 10 x 5 cm -  X,Y,Z)
-  Targeted Speed : 0,5mm3 /min

S Assié Souleille , J. Foncy , L. Boyer, X. Dollat, J.L. Viovy

Multimaterial Printing with SLA 



Multimaterial printing  



Bioprinting tissues … what’s next ?

Hydrogels, cell seeding, cell viability, topography, soluble factors … 

Murphy, S. V., & Atala, A. (2014). 3D bioprinting of tissues and organs. Nature biotechnology 



Towards 4D printing

4D Printing movie



Elise Rigot PhD thesis
erigot@laas.fr
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Thank you !



3D printing … where ?

http://www.sculpteo.com/fr/

Many providers available  !!


