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Abstract

A mini-review with 79 references. In this review, the most recent trends in 3D-printed microfluidic
devices are discussed. In addition, a focus is given to the fabrication aspects of these devices, with
the supplemental information containing detailed instructions for designing a variety of structures
including: a microfluidic channel, threads to accommodate commercial fluidic fittings, a flow
splitter; a well plate, a mold for PDMS channel casting; and how to combine multiple designs into
a single device. The advantages and limitations of 3D-printed microfluidic devices are thoroughly
discussed, as are some future directions for the field.

Introduction

Microfluidics is an ever evolving research field providing many benefits to chemical and
biological research including reducing the amount of sample and reagents, decreasing
experimental time, and enabling /77 vivo mimics.! The first microfluidic device was a gas
chromatography chip on a silicon wafer developed by Terry et al. in 1979.2 In the 1990’s,
Harrison, Manz and Ramsey introduced microfluidic devices for electrophoresis-based
separations.3> However, these devices were fabricated on hard substrates such as silicon
and glass, and production was costly and time consuming. Another milestone development
in the field of microfluidics was the use of poly(dimethylsiloxane) (PDMS) to fabricate
devices, as first described by the Whitesides’ group.6 PDMS led to devices that were much
easier to fabricate (as compared to glass) and has become the most commonly used material
to fabricate microfluidic devices. Properties of PDMS that have facilitated the widespread
use of the material include but are not limited to: (i) the PDMS surface is inert and not
reactive with many reagents; (ii) PDMS cures at relatively low temperatures; (iii) the
material is transparent, making it suitable for optical detection; (iv) it is not toxic to
biological samples; and (v) PDMS is gas permeable and (vi) its surface can be modified.”" 8
PDMS microfluidic devices are commonly fabricated by soft lithography, which constructs a
device by replica molding.® The development of soft lithography facilitated the application
of microfluidic devices as a powerful tool in separation and analytical sciences. For
example, electrophoresis has shown great compatibility with microfluidics. With short

"Corresponding author: Dr. R. Scott Martin, 3501 Laclede Avenue, Monsanto Hall 125, Saint Louis, MO, 63103, martinrs@slu.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 2

channel networks and the ability to apply high field strengths, electrophoresis can be
performed within a short time, which is of great value for (near) real time detection on small
volume samples.1911 As for the analytical sciences, in contrast to lab-scale chemical
analyses, microfluidic devices with controllable flow and integration have made it possible
to achieve rapid, high throughput and sensitive detection.12

Even though PDMS-based microfluidic devices have shown success, some significant
disadvantages exist.13 PMDS devices are usually not rugged, which may cause flow profile
problems due to leakage and/or uneven pressure.14 The fabrication efficiency of soft
lithography is low, making it labor-intensive.1® Moreover, fast adjustment of device features
is almost impossible without the fabrication of a brand new master. Additionally, though
PDMS devices with integrated functional parts have been reported, these typically involve
integration of only two discrete devices. Few examples show the combination of several
working devices into a functional system. This may explain why the large body of
publications in microfluidics has not led to the realization of the initial goal of building a
large number of practical systems that can be utilized by researchers outside of analytical
chemistry and biomedical engineering fields.

To streamline microfluidics into a higher number of laboratories, novel fabrication methods
need to be developed. 3D-printing, a prototyping technology that has recently emerged as an
alternative fabrication method for microfluidics, has shown the potential to address many of
the problems with PDMS devices.16 Compared to the labor-intensive and multiple-step soft
lithography process,? 3D-printing can potentially fabricate a microfluidic device in one
step.1” Also, 3D-printing allows for quick adjustment of device features with each print by
changing the design in CAD software. Additionally, 3D-printing allows for high throughput
fabrication of microfluidic devices. For example, one can 3D print several identical devices
for parallel experiments or multiple devices with different test parameters at one time.18 3D-
printed devices also offer robust structural alternatives to conventional microfluidic devices.
Some 3D-printed devices allow for flow rates as high as hundreds of pL/min.17- 19 These
devices are reusable after cleaning through a chemical wash (/.e., bleach) and/or mechanical
sonication, which helps minimize errors arising from using different devices.19: 20
Furthermore, by sharing the design files, researchers can easily replicate devices in different
laboratories.

In this paper, the most recent trends in 3D-printed microfluidic devices will be reviewed. We
will also focus on microfluidic fabrication using 3D-printing, giving detailed instructions for
designing these structures. Some CAD files are also included in the supplementary
information, with which the readers can print these devices directly. The advantages and
limitations of 3D-printed microfluidic devices will be thoroughly discussed. At the end,
ideas will be proposed to solve the problems arising from 3D-printing, as well as some
future directions.

Fabrication of 3D-printed Microfluidic Devices

3D-printing, also known as additive manufacturing, builds a three-dimensional object, layer
by layer.2! There are different techniques 3D-printers can utilize to fabricate 3D objects,
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among which the most commonly used are polyjet printing and fused deposition molding.16
Polyjet printing overlays liquid polymer layers, with each added layer cured by ultraviolet
(UV) radiation. The resolution of polyjet printing can be high, but support materials are
needed during the printing process that must be manually removed after printing.22 Fused
deposition molding is an inexpensive technology that overlays layers of fused polymer
filaments to generate a 3D structure. Supporting materials are usually not needed, but the
resolution of this technique is relatively low.22 More information about commonly used 3D-
printing technologies can be found in Table 1.20. 23-32

In order to 3D-print a microfluidic device, a design needs to be drawn in a CAD software
package (/.e., Autodesk Inventor) in an .ipt format and then be converted to .stl format
(which 3D-printers can recognize) prior to sending to a printer.33 Based on user demand,
certain materials can be chosen to fabricate the device (Table 1). Figure 1 shows an example
of 3D-printing an object following these steps. The design and drawing of a potential device
using CAD software is key to the final structure and function of a microfluidic device.
Therefore, in this review, the authors chose six examples that can be used for microfluidic
devices and will introduce the detailed design and drawing process using Autodesk Inventor
in the supplementary information, which include (1) a straight microfluidic channel; (2)
female threads to accommodate a commercial PEEK fitting (F-120x, IDEX) and a capillary
sleeve (F-230, IDEX); (3) a flow splitter; (4) holes for well inserts into a device (a well
plate); (5) a mold for PDMS channel casting; and (6) combining multiple designs into a
single device. The finished designs can be found in Figure 2. The .stl files of these features
are included in the supplementary information as well, with which, the readers should be
able to replicate these devices directly. Furthermore, the original .ipt files are also included
so that the readers can edit parameters such as feature size to better fit their own research.

The resolution of different 3D-printing technologies and the actual sizes of example devices
using the printers can be found in Table 1.34-39 As long as the CAD design of a device is
within the resolution requirement of a 3D-printer, the printed part should be the exact
reflection of the CAD design (Figure 1). In other words, any feature or shape drawn using a
CAD software can be achieved by 3D-printing. Therefore, compared to soft lithography, 3D-
printing enables the fabrication of more complicated and functional features on microfluidic
devices. Figure 3 shows several published examples of unique 3D-printed functional parts
that can be used for microfluidic devices.19: 40-44

Advantageous Features of 3D-printed Microfluidic Devices

3D-printing can be an efficient method to fabricate structurally robust microfluidic devices.
Furthermore, 3D-printing enables the fabrication of unique but advantageous features
integrated on a microfluidic device. Although integrated components have been created with
PDMS devices, it is time consuming and costly to integrate multiple functional units on one
device.#> Because 3D-printing can produce any shape based on users’ demand, complex and
functional 3D-printed microfluidic features have been reported.
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Robust Connection Ports

Functionality of microfluidic devices can be improved by integrating chips with other
devices/instrumentation with fluidic tubing. Common techniques for connecting tubing to a
PDMS device include inserting tubing into punched holes or using adhesive to seal tubing
onto PDMS slabs, 6 although Frazier reported a locking mechanism by soft lithography that
can form removable and tight connections.?” Lack of reliability of the tubing connection
protocols can cause immediate device failure. For example, inserting tubing directly into
punched holes is susceptible to leakage or back pressure. The use of 3D-printed devices can
solve this problem by integrating connection mechanisms that cannot be achieved with soft
lithography. For example, threaded ports that fit commercial finger tight adapters (Figures 1
and 3A) have been successfully integrated on 3D-printed microfluidics for convenient and
reliable connection with external tubing.#? Also, with multi-material printing, O-rings can be
printed on a microfluidic device to create tight seals and connections (Figure 3C).%8 3D-
printed customized threaded fittings, luer adapters (Figure 3F) and capillary connectors have
also been reported. 43

Complex Flow Regulating Components

Precise and efficient flow control is an important factor to consider when designing a
microfluidic device. On the micro scale, fluids typically exhibit laminar flow that may cause
insufficient mixing between reagents if needed.*® On-chip mixing mechanisms have been
integrated on PDMS devices through complex fabrication.5%: 51 For example, R. F. Ismagilov
group have developed multiple PDMS-based droplet microfluidic devices to enhance mixing
of flowing reagents.52-54 3D-printing can also achieve complicated structures with just a few
steps. For example, Lee and colleagues developed a 3D-printed channel with twists and
turns, as well as a separate unit to mix the flows for alpha-fetoprotein biomarker detection.
As the authors have proved, these devices were 3D-printed in a straight forward, rapid and
user friendly way. 41 3D-printed valves and pumps, a common technique for fluid
manipulation in PDMS devices, have also been achieved (Figure 3F).28. 43

Integration of detectors

Electrochemical detection has become a commonly used technique for on-chip measurement
because it enables direct and label free detection of many molecules.>® There have been
many reports showing integrated electrodes in PDMS devices, but these devices often have
to be discarded after electrodes foul, which can be after a single use. On a 3D-printed
microfluidic device, however, electrodes can be integrated and removed easily by using
connection mechanisms such as threads. Erkal reported a method to embed an electrode in a
hollow plastic fitting, which can then be integrated into a threaded port in the device.2? The
electrodes can be removed by unscrewing to be cleaned for reuse. With 3D-printing, more
complicated electrochemical configuration can also be easily achieved. Munshi et al.
reported a microfluidic wall-jet electrochemical detector with detachable and adjustable
electrodes (Figure 3A), which has proven to be highly sensitive for multiple applications.1?
Boutelle’s group recently described a 3D-printed integrative system that contained
microdialysis probes for continuous monitoring of glucose and lactate in humans. As shown
in Figure 4, the dialysis outlet (c) that collects dialysate from a human was connected to the
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inlet of a 3D-printed microfluidic chip (e). Electrochemistry based needle biosensors (f)
were housed in two 3D-printed adapters (g), which can screw into the microfluidic channel
for detection. The inset (h) is the real picture of a housed electrode and the black part was
printed using a soft material for tight sealing. With this system, online monitoring of the
metabolites with high temporal resolution can be achieved.® Also, the ability of 3D-printing
to mold any design enables the device shape to fit commercial detectors. For example, Chen
and colleagues developed a device in the format of a standard 96-well plate that is amenable
to plate readers for high throughput analysis.33 Other detection techniques such as
chemiluminescence® have also been integrated onto 3D-printed microfluidic devices.

On-chip Cell integration

On-chip cell culture is a significant research area in microfluidics. By controlling reagent
flow, cell culture can be optimized and also integrated with on-chip analysis. Compared to
static cell culture, a fluidic approach provides continuous nutrient supply and waste removal,
as well as gradient control, and in vivo microenvironment mimicking (/.e., shear stress).>8
Although a number of PDMS cells-on-a-chip models have been reported, 3D-printing can
enhance the multiplexity, versatility and reusability of such models. Chen reported a 3D-
printed system that combined pancreatic p-cells, endothelial cells and a blood flow mimic.
This platform enabled multiple studies such as endocrine secretions, hormone transportation
and cell-to-cell interactions. Such a device cannot be easily achieved using PDMS.
Furthermore, most of the reported PDMS cells-on-a-chip systems contained only one or two
cell types.5® Another important advantage includes the integration of transwell inserts for
flexible cell culture on the 3D-printed device. Inserts with pre-cultured cells can be inserted
and removed from the fluidic base as needed. When an insert was contaminated or the cells
were not cultured correctly, the insert can be replaced rather than failure of the entire device.
Though the authors tested three cell types of interest, in theory, any other cell type can be
integrated on the system by this way for certain studies.

Limitations of current 3D-printed microfluidic devices

Resolution

As a new, rapidly evolving technology, 3D-printing also possesses some limitations.
Currently, these include but are not limited to resolution, surface properties, and
compatibility issues.

Although the resolution of many 3D-printers has been claimed to be as low as a few tens of
microns, the smallest 3D-printed open channel acquired so far is approximately 200 um
wide.50 Most of currently reported 3D-printed microfluidic devices have channel sizes from
hundreds of microns to a few millimeters.33: 41 43. 59 Thjs is partially because the printers
with the highest resolution usually need supporting materials to fill the void spaces (/.e., a
channel) during the printing process (Figure 5A), which typically needs to be removed
manually.1® Unfortunately, it is almost impossible to remove all the waxy supporting
materials from a very small channel. Even if some micron scale mechanical methods may be
applied to remove the supporting materials, the removal efficiency will still be questionable.
Any left-over material in a channel may adversely alter the flow pattern and/or affect the
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flowing reagents by absorption or even reaction. Most of the supporting materials have
similar chemical composition with the construction materials,®! which makes it impossible
to use harsh solvents for cleaning. Mild solvents such as isopropanol (IPA) have been tried
by the authors and others, which turned out to push this situation into a dilemma: IPA
treatment for a short time cannot remove much of the material; while too long treatment
causes expansion of the bulk material and resulting in channel deformation or even
clogging.20: 59 This limitation currently prohibits 3D-printed microfluidic devices from
being used in applications that require small channels, such as cell/particle gating and
electrophoresis. Moreover, most of currently reported 3D-printed microfluidic devices have
straight channels, because of the difficulty to remove supporting materials from a fully
closed channel with sharp bends. However, if a channel with such complicated structures as
twists and turns must be fabricated, the channel may not be printed as fully closed. Instead,
it can be fabricated as an engraved slab, which can then be sealed onto another substrate.*4

Surface properties

The resolution limitation of current 3D-printers can also cause rough surface profiles in a
3D-printed micro channel. Gross reported a microfluidic device fabricated using a high
resolution (30 um on x and y axes and 16 um on z axis as said by the manufacturer) 3D-
printer.26 As shown in Figure 5, after removal of the supporting material, large rough ridges
can be clearly seen around the inner wall, which may cause issues such as dead volumes and
inconsistent surface modifications. Absorption and adsorption are another concern about
surface properties of 3D-printed devices. Though the exact composition of the 3D-printing
materials is proprietary, most of them are acrylate and acrylonitrile butadiene styrene (ABS)
based. These polymers absorb such molecules as proteins and lipids, which may reduce the
concentration of analytes of interest, and thereby altering the detected signal.®2 The
unpredicted rough channel surface may even increase adsorption. To avoid the biotoxicity
concern of 3D-printed devices and to reduce channel roughness, some coating protocols can
be applied. For example, Gross successfully coated a layer of PDMS on the inside of a 3D-
printed channel for endothelial cell culture and subsequent microscopic observation.26

Compatibility issues

Cell integration on microfluidic devices is popular. However, the biocompatibility of most of
the 3D-printing resins and plastics remains unknown. 3D-printing materials are usually
complex mixtures. Even though the major composition is non-toxic, other components such
as commonly used photoinitiators may adversely affect cells.53 Biocompatible 3D-printing
materials are being developed that are expected to be non-toxic to cells.®4 However, most of
these studies are still in development. Solvent compatibility is another concern in 3D-
printing. Some 3D-printing materials may swell in agqueous systems, which can cause flow
problems.®® Organic solvents are also commonly used in microfluidics (i.e., oils for droplet
microfluidics®®); but the solvent compatibility of 3D-printing materials still remains a
concern.

Other issues

PDMS devices can be completely transparent for optical detection. Although “clear
materials” are available for 3D-printing, they are typically translucent/semi-transparent.
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Labor-intensive polishing can make the outside of a device transparent and smooth; but the
inner wall of a small, fully-sealed channel cannot be polished. In other words, it is almost
impossible to optically observe the inside of a channel without certain treatments.5” Most of
the 3D-printing materials are not gas permeable, which makes them not suitable for long-
term cell culture inside a channel without additional gas exchange supporting units. In
addition, 3D-printers with high resolutions (tens of microns) are relatively expensive at the
moment,®8 which may limit its application in many laboratories. Furthermore, routine
maintenance and calibration are needed for a 3D-printer to ensure printing quality.

Future Directions

3D-printing of microfluidic devices and components has many benefits. Ho and coworkers
concluded that 3D-printing can facilitate the field of microfluidics to find its “killer
applications”.89 Au and colleagues predicted that 3D-printing can potentially replace soft
lithography to fabricate microfluidic devices.®? However, in the authors’ opinion, due to the
limitations of current 3D-printing technologies, 3D-printing is currently a complementary
fabrication technique for microfluidics and it cannot replace PDMS and soft lithography at
this point. For now, it is possible to consider the combination of 3D-printing and PDMS
devices, where the strong points of each can be utilized. For example, one can envision a
device where 3D printed connection ports are combined with PDMS-based channels.

3D-printing can also facilitate the development of modular microfluidic systems by
providing robust connection mechanisms (/.e., threads, luers and O rings). Compared to an
integrated single-chip device, if some part of a modular system fails, that component can be
replaced without discarding the whole system.” There have been some proof-of-concept
studies regarding 3D-printed modular systems.*! High throughput chemical/biological
analysis is also of great interest to the medical and pharmaceutical communities.”? Due to
the ease to fabricate demand-based structures by 3D-printing, high throughput 3D-printed
devices can be developed and applied in many fields. There have been initial reports of such
devices that can fit plate readers to enhance detection throughput.33: 59

There is room for improvement in 3D-printing technology as well. Resolution needs to be
further enhanced along with development of more user-friendly support materials. The cost
of high resolution 3D-printers needs to be reduced in the future, which will eventually
decrease the cost to produce a device. With this, considering the advantages of 3D-printed
microfluidic devices, wider availability of robust devices can be realized, which may be a
step forward to move microfluidics out of academia into real-world applications such as
point-of-care diagnostics. It also takes relatively long time (hours) to fabricate an object
using most 3D-printing technologies, especially for high resolution printing that requires a
large number of thin layers to build a structure. Tumbleston and colleagues recently reported
a new 3D-printing technology called continuous liquid interface production (CLIP), which
can shorten the fabrication time to minutes by creating a “dead zone” between the polymer
precursor and the solid part.”2 3D-bioprinting is another emerging technique in recent years,
which can additively manufacture cell-laden structures from biocompatible materials.”3
Though the resolution of current 3D-bioprinting is usually at millimeter scale,32 the
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technique may evolve to be useful for cell integrated microfluidic device fabrication in the
future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CAD file (.stl) 3D printer Printed model

Figure 1.
The process to 3D-print a model. The design of a device needs to be realized in a CAD

software and converted to .stl format, which can be recognized by a 3D-printer. The printed
model is the exact reflection of the CAD design. This example shows the fabrication of a
flow splitter using 3D-printing.

Anal Methods. Author manuscript; available in PMC 2017 August 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

Page 12

Figure 2.
Examples of useful objects for use with microfluidics designed with AutoDesk Inventor. The

supporting information shows a step-by-step method for designing each of the objects
shown. Listed includes (A), simple straight channel with a circlular cross-section (B),
threaded object for integration with a commercial F-230 fitting (Fischer) and F-120 capillary
sleeve (Fischer) (C), flow-splitter including both male and female threads for integration
with fittings and object containing a channel (D), a simple well plate (E), a mold to create
microchannels with soft lithography (F), an example of integrating separate object files into

one
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Figure 3.
Examples of unique features that can be realized by 3D-printing. (A), a 3D-printed

microfluidic device with wall-jet electrochemical configuration. Threaded ports that fit
commercial finger tight adapters were 3D-printed on the device. A sample can be introduced
through the inlet, which then hits the electrode housed in the “electrode insert” to achieve
wall-jet detection. (Adapted from ref. 19 with permission from The Royal Society of
Chemistry) (B), luer adapters were 3D-printed on a microfluidic device for easy connection
with tubing and syringes. (Adapted from ref. 40 with permission from John Wiley & Sons,
Inc) (C), O-rings can be 3D-printed with rubber-like materials on a fluidic device. In this
example, the authors used the printed O-ring to connect different chips. (Adapted from ref.
41 with permission from The Royal Society of Chemistry) (D), A 3D-printed gradient
generator. With 3D-printing, complicated channels were fabricated in this example.
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(Adapted from ref. 42 with permission from The American Chemical Society) (E), A 3D-
printed microfluidic mixer. By fabricating zigzag channels and vales, two liquids can be
mixed well using the device. (Adapted from ref. 44 with permission from Elsevier) (F), A
3D-printed pneumatic valve. The “membrane” is a thin layer (~200 um) of 3D-printed
structure. When proper air pressure is applied through the nozzle, the membrane can deform
to open or close the channel on the right side. (Adapted from ref. 43 with permission from
The Royal Society of Chemistry)
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Lon

Figure 4.
An integrated 3D-printed microfluidic system for metabolite detection. Part (a) is the outlet

of a dialysis probe that collects samples from a human being. Via part (b), which is a 3D-
printed adapter, (a) can be connected to the 3D-printed microfluidic device (c). Two
electrodes (d) were housed in 3D-printed adapters (), which can be screwed into the
microfluidic channel with a good sealing. When a sample is collected and flowing through
the channel, glucose and lactate can then be electrochemically detected. (f) is a real picture
of a housed electrode and the black part was 3D-printed using a rubber-like material for tight
sealing. (Adapted from ref. 56 with permission from The American Chemical Society)
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Figure 5.
The SEM images of a 3D-printed channel before and after removing supporting material.

(A), upon printed, the channel was completely filled with the supporting material, which is
commonly used in high resolution 3D-printers. (B), after removal of the supporting material,
rough surfaces can be seen on the inner wall of the channel. The scale bars in the images
represent 200 um. (Adapted from ref. 26 with permission from The American Chemical
Society)
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Summary of Different 3D-printing Technologies

Page 17

Printing Mechanism

Example Materials34-3°

Manufacturer Stated
Resolution (X x Y x Z )3-39

Example Applications &
Device Dimensions (um)

Evaluating printers for

Inkjet Printing3* A.crylonitrile a microfluidic fabrication 200
Solid particles are bonded layer by layer via VisiJet Crystal 375 x 375 x 790 dpi um (diameter)74
adhesive or UV. ABS D 68 x 68 x 32 um - —
Support materials are needed. ThermoJet 2000¢ Microfluidic circuitry 750
um (channel diameter)?*
Endothelium lysis study 800
x 1000 (cross section) pm?28
o Gradient generators and
o PolyJet Printing®® Verowhite 600 x 600 x 1600 dpi mixers within channels for
Liquid material is cured by UV layer by layer. Full Cure 720 € 22 x 42 % 16 um biosensing 114 x 51 ym
Support materials are needed. Veroclear T W (cross section)*!

Wall-Jet electrochemical
detector 375 x 375 um
(cross section)!®

Stereolithography36: 37
Object is cured layer by layer by UV and is
placed in a resin bath.
Support materials are needed.

Acrylate resin 9
Modified Resin

454 x 454 x 508 dpi
56 x 56 x 50 pm

Micromixer for pKa
determination 500 x 500 pm
(cross section)’®

immunoassay for bacteria
detection 250 x 500 pm
(cross section)7®

Mold to cast PDMS
channels 300 x 300 pm
(cross section)”’

Fused Deposition Modeling3® 39
Fused filaments are laid layer by layer to build
a 3D object.

Support materials are not needed.

Polypropelene
ABS

PLA 7

203 x 203 x 200 dpi
125 x 125 x 200 pm

Biomedical Microdeivce
1000 x 500 pm (cross
section)’®

Fluidic reactionware 800 um
(channel diameter)t”

Electrochemical detector
200 x 600 pum (cross
section)’®

aUrethane acrylate oligomers (2040 %); Ethoxylated bishenol A diacrylate (15-35%) and Tripropyleneglycol diacrylate (1.5-3%)

b - .
Acrylonitrile butadiene styrene

c .
Thermoplastic

dAcryIic monomer (<25%); Phenol, polymer with 2-propenoate (<15%); diphenyl-2,3,6-trimethylbenzoyl phosphineoxide (<2%); titanium dioxide

(0.8%); Acrylic acidester (<0.3%)

elsobonyl acrylate (10-30%); Proprietary Acrylic monomer (10-30%); Proprietary acrylate oligomer (10-30%) and photoinitiator (0.1-1%)

{Acrylic monomer (<30%); Isobonyl acrylate (<25%); phenol-oxirane-propenoate mix (<15%); diphenyl-2,4,6-trimethylbenzoyl phosphine oxide

(<2%) and Acrylic acidester (<0.3%)

gAcryIate oligomer and monomer; epoxy monomer and photoinitiator with additives.

hPonIactic Acid
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