
 

Rapid and continuous 3-D printing with light
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(A) Optical setup for two-color SLA by concurrent photopolymerization and
photoinhibition. Near UV (365 nm) is superimposed onto patterned blue (458
nm) with a dichroic mirror and projected through a transparent window into a
photopolymerizable resin vat. Structures of (B) photoinitiator CQ, (C) co-
initiator EDAB, and (D) photoinhibitor o-Cl-HABI. (E) UV-visible spectra of
CQ (solid blue line) and o-Cl-HABI (dashed violet line) in tetrahydrofuran
(THF). The UV and blue wavelengths used by the two-color AM system are
highlighted by the violet and blue vertical bars, respectively. (F) Solid block M
(left) and tug boat [model detailed in (31)] (right) printed using the two-color
photopolymerization/photoinhibition stereolithography system at 500 and 375
mm/hour, respectively. (G) The polymerization inhibition volume thickness is
affected by varying intensity ratios of the incident irradiation wavelengths
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(IUV,0/Iblue,0) and resin absorbance (hUV). Credit: Science Advances, doi:
10.1126/sciadv.aau8723

Three-dimensional (3-D) printing, also known as additive manufacturing
(AM), can transform a material layer by layer to build an object of
interest. 3-D printing is not a new concept, since stereolithography
printers have existed since the 1980s. The widespread availability and
cost-effectiveness of the technology has allowed a variety of modern
applications in biomedical engineering.

The contemporary process of layer-wise additive manufacture is
nevertheless slow and impacts the rate of object fabrication for objects
with ridged surfaces. Continuous stereolithographic printing can
overcome the limits by increasing print speeds to generate objects with
smooth surfaces. Now writing in Science Advances, Martin P. de Beer,
Harry L. van der Laan and co-workers demonstrate a new method for
rapid and continuous stereolithographic additive manufacture (SLA) in a
single shot by interfacing the raw material with two wavelengths of light.

The materials scientists developed a method using two sources of light;
one to solidify the resin and another ultraviolet light to prevent resin
curing on the device window during object fabrication. A zone without
unwanted solidification (inhibition volumes) allowed efficient use of
resins and boosted the speed of 3-D printing in a single exposure, in
contrast to layer-wise, conventional manufacture. A variety of materials,
including thermoplastics, polymer resins and inorganic powders have
been used as media for additive manufacture (AM), with a variety of
methods including material extrusion, to powder bed fusion and binder
jetting. In particular, stereolithographic AM (SLA) was of interest in the
study since it is based on a patterned illumination source to cure cross-
sections of a desired geometry.
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Rapid, continuous AM with two-color photoinitiation and photoinhibition. (A)
Argyle models printed using photoinhibition to enable continuous printing, with
the percentage void (φ) and volume of the printed part (Vp) relative to the
designed part (Vdes) shown below each part. The designed void was φ = 57%.
(B) Cured thickness versus dosage of blue light for four acrylate-based resin
formulations prepared with varying blue-absorbing dye (Epolight 5675) loadings.
(C) Maximum vertical print speeds achievable for varying blue absorbance
heights. All printing was done with Iblue,0 of 110 mW/cm2 and IUV,0 of 130
mW/cm2, with hUV of 125 μm. Credit: Science Advances, doi:
10.1126/sciadv.aau8723

In the study, de Beer and Laan et al. developed an AM system that could
print continuously, at relatively high linear velocities to form 3-D
structures in a single exposure. The experimental setup included a build
head drawn upward from a photopolymerizable resin and two
illumination sources with optics operating at different wavelengths (365
nm and 458 nm). In the experimental setup, patterned illumination
passed through a transparent glass window from below and initiated resin
polymerization.

Illumination with a second wavelength inhibited the polymerization
process immediately adjacent to the glass window to allow continuous
operation by eliminating polymer adhesion to the glass. De Beer et al.
achieved print speeds of up to two meters per hour using a process
compatible for a variety of resins including acrylates, methacrylates and 
vinyl ethers. By varying the intensity of light on per-pixel basis, the
system could also perform material surface patterning in a single
exposure of the layer, without translating the stage.
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https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/acrylate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/methacrylate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vinyl-ether


 

 

  

LabVIEW 2014 VI block diagram. (A) The block diagram used for continuous
printing. The blue and UV LED drivers, signal generator, and image generation
were controlled using this VI during printing. (B) The image display-sub-VI for
projecting images. Credit: Science Advances, doi: 10.1126/sciadv.aau8723

A unique feature of the experiments developed by de Beer et al., was the
achievement of volumetric patterning using a multicolor system for
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photochemical polymerization initiation and inhibition. For
photopolymerizable resins, the scientists used camphorquinone (CQ) and
ethyl-4(dimethylamino)benzoate (EDAB) as a visible photoinitator and
co-initiator. For the photoinhibitor they used bis[2-(o-
chlorophenyl)-4,5-diphenylimidazole] (o-Cl-HABI).

In the process, one wavelength photochemically activated
polymerization, while a second wavelength inhibited that reaction after
forming the desired geometry. To control the thickness of the
polymerization inhibition volume adjacent to the window of the device,
the scientists varied the ratio of light intensities of the two illuminating
sources using custom LabVIEW software. By design, polymerization
could therefore continuously occur above the region for object printing,
by avoiding deleterious window adhesion.
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https://www.ncbi.nlm.nih.gov/pubmed/23199807?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/23199807?dopt=Abstract
http://www.ni.com/en-us/shop/labview.html


 

  

Wavelength-selective photoinitiation and photoinhibition of radical-mediated,
chain-growth photopolymerization. Monomers examined include (A) bisphenol
A ethoxylate diacrylate (BPAEDA; n = 4), (B) triethylene glycol dimethacrylate
(TEGDMA), (C) bisphenol A glycerolate dimethacrylate (bisGMA), (D)
triethylene glycol divinyl ether (TEGDVE), and (E) N-(n-propyl)maleimide
(NPM). Alkene conversion versus time for resin formulations (F) BPAEDA, (G)
bisGMA/TEGDMA, and (H) TEGDVE/NPM (vinyl ether and maleimide
conversions denoted by solid and dashed lines, respectively) under continuous
irradiation with exclusively 470 nm @ 100 mW/cm2 (black line, squares), 470
nm @ 100 mW/cm2 and 365 nm @ 30 mW/cm2, (red line, circles), and 365 nm
@ 30 mW/cm2 (blue line, diamonds). Credit: Science Advances, doi:
10.1126/sciadv.aau8723
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The scientists used DesignSpark Mechanical 2.0 or Autodesk Fusion 360
to design models for 3-D printing and exported them as STL files (file
format created in 3-D systems).To create image slices from the STL
files, they used the slicing feature in Autodesk Netfabb 2017. During
printing, they displayed the image slices concurrently while moving the
build head using LabVIEW VI. The maximum print speed for
continuous speed and continuous printing depended on the intensity of
the initiating and inhibiting wavelength and the amount of energy
required to cure the resin, as derived in the study. As a proof-of-
principle, de Beer et al. printed parts at speeds approximating 2 m/hour
to create argyle structures. Afterward, the scientists rinsed the printed
parts in isopropanol to remove uncured resin.

To characterize the 3-D products, de Beer et al, used a gas pycnometer
to measure the volume of the 3-D printed parts. During the experiments,
the scientists placed a sample mass in a cylindrical sample cell, which
was pressured with helium gas thereafter. Then by releasing the pressure,
they were able to expand the volume of helium gas, which converted to
the volume of the sample. The scientists similarly conducted
experiments to determine the gel fraction of samples prepared via rapid
and continuous 3-D printing.
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https://www.rs-online.com/designspark/home
https://www.autodesk.com/products/fusion-360/students-teachers-educators
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Two-color photoinitiation and photoinhibition enable controllable, far-surface
patterning of complex 3D structures. (A) Setup used for intensity-patterned
printing. (B) Use of variable intensity images enables pixel-wise adjustment of
IUV,0/Iblue,0, producing variation in inhibition height and, therefore, printed
part topography. (C) Four-level intensity image of the University of Michigan
seal. (D) Variable thickness part produced by a single intensity-patterned
exposure. Credit: Science Advances, doi: 10.1126/sciadv.aau8723

In the manufacturing system, de Beer et al controlled the depth to which
light penetrated and ultimately cured the resin by controlling the resin's
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blue absorbance, which was derived in the study. The process of
photoinitiation and photoinhibition described in the study was
transferable to a variety of monomer classes for use in the setup. The
techniques and results observed in the study are currently unattainable
with contemporary methods. Previous studies could only attain two-color
irradiation for subdiffraction and direct-write photolithography using
different photoinitator and inhibitor systems, to those detailed at present.

In addition, de Beer and Laan used variable intensity irradiation to
produce cured materials with intricate surface topographical features in a
single step. This allowed rapid generation of personalized products,
while eliminating the multiple and time-consuming steps typically used
in microfabrication. In this way, the application of multiwavelength
systems to SLA demonstrated in the study forms a new direction in light-
assisted additive manufacture. In addition to volumetric polymerization
control detailed in the context, the scientists envision the two-color
system may allow rapid fabrication of parts with localized variations of
materials and chemical properties in a single step.

  More information: Martin P. de Beer et al. Rapid, continuous additive
manufacturing by volumetric polymerization inhibition patterning, 
Science Advances (2019). DOI: 10.1126/sciadv.aau8723 
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