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We investigate a novel textured window design for the continuous stereolithography process. The pro-
posed textured window allows the formation of a liquid interface, enabling a reliable continuous projec-
tion stereolithography process. Both solid and hollow structures have been studied as test cases and were
continuously printed using textured window-based projection stereolithography systems. The surface
roughness of printed parts is characterized, and the effect of the continuous printing speed on the surface
quality is investigated. Experimental results verified the effectiveness of the proposed textured window
for enabling continuous printing, preventing the overlarge separation force, and achieving a high surface
finish.

� 2020 Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
1. Introduction

Most additive manufacturing (AM) techniques build three-
dimensional (3D) objects in a layer-by-layer way [1–3]. In the con-
ventional layer-by-layer vat photopolymerization based AM pro-
cesses, each layer of photosensitive resin gets polymerized by
selective exposure to lights with specific wavelengths. Recently,
some non-layer based vat photopolymerization techniques, includ-
ing Continuous Liquid Interface Production (CLIP), High-Area Rapid
Printing (HARP), CNC accumulation, and Mask Video Projection
Stereolithography (MVP-SL) have been demonstrated [4–7]. Differ-
ent from the conventional layer-by-layer approaches, the part is
fabricated by continuously curing liquid resin through projecting
a sequence of sliced images seamlessly (slice video), and mean-
while continuously pulling the part out from the resin vat, as illus-
trated in Fig. 1. The building speed of such continuous printing
processes has been shown as an order of magnitude faster than
the traditional layer-by-layer approaches, and the ‘‘staircase effect”
typically found in the layer-by-layer structure were eliminated.

In these continuous printing processes, the liquid interface (a
layer of liquid between the platform or cured part and the con-
strained window) is critical, which prevents the cured resin from
sticking to the constrained window and hence allows for continu-
ous pulling the curing part up from the resin vat. In literature, this
liquid interface has been successfully created by methods such as
oxygen inhibition [4,6] and continuous liquid flow [5,7]. For exam-
ple, in the CLIP process, a highly oxygen-permeable film (Teflon AF
2400, DuPont) was tensioned and clamped onto the resin vat. This
Teflon film was used as an oxygen permeable constrained window,
which continuously supplies oxygen to the resin during the print-
ing process. As a result, the rich oxygen near the film inhibits the
curing of the liquid resin near the film surface, forming a stable
oxygen inhibition layer which works as the liquid interface for con-
tinuous printing, as illustrated in Fig. 1. The thickness of the oxy-
gen inhibition layer can range from 20 mm to 100 mm, which
depends on the oxygen permeability of the constrained window
and the curing speed of the printing process. Some common issues,
including coating failures, film tensioning failures, and creases on
the film have been reported in this oxygen-permeable-film based
method [8–10]. In addition to using a tensioned oxygen-
permeable film as the constrained window which inhibits resin
from photo-curing, the other approach to creating the liquid inter-
face and hence enabling continuous printing is to maintain a con-
tinuous liquid flow between the curing part and the constrained
window. For instance, in the HARP system [7], a continuous fluori-
nated oil flow on the constrained window which is the vat bottom
surface works as a stable liquid interface, enabling continuous and
simultaneous curing and pulling in the printing process. Such con-
tinuous oil flow also helps radiate the heat generated from the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mfglet.2020.04.007&domain=pdf
https://doi.org/10.1016/j.mfglet.2020.04.007
mailto:yjiang89@uic.edu
mailto:ywang548@uic.edu
mailto:klicha2@uic.edu
mailto:hhe20@uic.edu
mailto:feinerma@uic.edu
mailto:yayuepan@uic.edu
https://doi.org/10.1016/j.mfglet.2020.04.007
http://www.sciencedirect.com/science/journal/22138463
http://www.elsevier.com/locate/mfglet


Fig. 1. Illustration of continuous printing enabled by the oxygen permeable window.
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resin photo-curing, and hence allows for a rapid continuous print-
ing speed. A potential challenge is that the oil flow needs to be del-
icately manipulated so that the printing quality would not be
affected. An alternative method to build the continuous flow is to
integrate additional robotic systems, as demonstrated by the
MVP-SL process [7], in which an extra linear stage is used to
achieve a continuous horizontal movement of the resin vat to
enhance the resin refilling for forming and maintaining the liquid
interface. A relatively large vat was utilized to accommodate the
second stage motions. The control mechanism of MVP-SL is com-
plicated, which could result in unstable resin flow and affects the
curing accuracy. It should be noted that the constrained surface
design of MVP-SL is based on a polydimethylsiloxane (PDMS)
coated transparent glass plate. This PDMS-glass layered con-
strained surface provides both rigidity and elasticity, eliminating
the needs of film tensioning and mechanical clamping. The rela-
tively thick (1–2 mm) PDMS film coated on the rigid glass plate
is resistant to creasing.

Although PDMS is a commonly used inexpensive and reliable
material for preparing constrained windows in the photopolymer-
ization additive manufacturing processes [11–13], the oxygen per-
meability of PDMS is lower than the Teflon film. Its oxygen
permeability is approximately 300 barrers, while the Teflon film
has a 1000 barrers oxygen permeability [4,17]. According to Den-
dukuri et al., the corresponding thickness of the oxygen inhibition
layer provided by PDMS-glass constrained window is approxi-
mately 2.5 mm [14], while the Teflon film window can provide up
to 120 mm thick oxygen inhibition layer without an external oxy-
gen supply [4]. To increase the oxygen permeability of PDMS-
glass constrained window, methods such as adding external oxy-
gen supply and modifying PDMS composition have been investi-
gated [15–18]. Yet limitations exist in these methods. Adding
external devices makes the printing system bulky and changing
the PDMS composition affects the PDMS elasticity and hence the
printing performance.

Our previous work showed that the PDMS coated window with
radial groove (RG) surface texture can enhance the liquid refilling
in the conventional layer-by-layer projection stereolithography
processes [19]. In addition to the RG textures, we also found that
oxygen permeability can be improved by embedding air-diffusion
channels (ADC) into the PDMS coated window [20]. Although these
studies were focused on the layer-by-layer stereolithography pro-
cess, they demonstrated the effectiveness of the RG and ADC tex-
tures on oxygen inhibition and liquid flow enhancement,
implying the possible effectiveness of such textured constrained
window in continuous printing. Considering the limited number
of constrained windows suitable for continuous printing and their
inherent limitations, it is of great importance to investigate alter-
native constrained windows for continuous printing.

Against this background, this paper investigates a novel tex-
tured constrained window design, which is made of RG textured
PDMS coated on an ADC-incorporated acrylic plate, for the contin-
uous stereolithography printing. In the following sections, the
effectiveness of this novel constrained window on enhancing the
oxygen inhibition and continuous liquid flow in continuous print-
ing is investigated. Both solid models and complicated hollow
models are tested in this study with the proposed new constrained
window. The performance of the continuous printing based on this
new constrained window is discussed.
2. Methods and discussion

In this study, a continuous projection SL setup was developed,
as illustrated in Fig. 2a. The imaging unit used in this study was
Wintech PRO4500 with a 25.4 mm diameter lens (WDST-3P-
PRO4500, Texas Instruments). Fig. 2b shows the schematic draw-
ing of the resin vat with ADC-RG textures. The ADC-RG textured
window consists of an acrylic plate incorporated with air-
diffusion channels and a 2.0 mm layer of radial-groove textured
PDMS coating on top of the acrylic plate. Both the air diffusion
channels on the acrylic plate and the radial groove pattern on
the PDMS surface were fabricated by laser micromachining (X2-
600 100-watt CO2 laser system, Universal Laser Systems, USA).
For RG textures used in this study, we adopted 250 mm radial
groove width, 150 mm radial groove depth, and 30� angular spacing
between adjacent grooves, as shown in Fig. 2c. Such RG design
parameter setting was found to be capable of enhancing the resin
flow in our previous work [19].

To investigate the effect of the air-diffusion channels on the
oxygen permeability, the oxygen inhibition layers with varied
channel diameters were measured using a UV light with
135 ± 5 mV intensity (405 nm wavelength) [21]. The liquid pho-
topolymer used in this study was MakerJuice Labs G + . The air-
diffusion channels were arranged into arrays on the constrained
surface with a 2.0 mm channel-to-channel distance. A differential
approach was utilized to calibrate the oxygen inhibition layer
thickness [20], in which the liquid photopolymer was first sand-
wiched between the constrained window and an impermeable
glass with two 500 mm thick brass shims supporting them. Then,
the imaging unit projected a 5 mm diameter solid circle to the con-
strained window for 30 sec. Accordingly, a cylinder model of 5 mm
diameter was cured. The oxygen inhibition layer thickness was
then computed by differentiating the cured cylinder thickness



Fig. 2. Textured window design. a) Schematic drawing of the SL setup. b) Schematic drawing of the resin vat with integrated ADC-RG constrained surface design. c) Bottom
view optical image of the proposed ADC-RG design, scale bar = 1 mm.
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from the shim thickness (500 mm). ADC-RG constrained windows
with a channel diameter ranging from 0.20 to 0.80 mm were
tested. As shown in Fig. 3a, the oxygen inhibition layer thickness
was found to be proportional to the ADC diameter. Specifically,
the constrained window with 0.8 mm diameter air-diffusion chan-
nels can produce an approximately 100 mm thick oxygen inhibition
layer, which is comparable to the one created by the highly oxygen
permeable Teflon film AF 2400 used in the CLIP process [4], imply-
ing the feasibility of the proposed ADC-RG constrained window
design for the continuous printing process.
Fig. 3. Oxygen inhibition layer and separation force. a) Measured oxygen inhibition lay
G + resin using a 405 nm wavelength UV light. c) Separation force comparison between
10 mm diameter cylinder. d) Printed solid parts, scale bar = 5 mm.
During the continuous printing process, it is critical to maintain
the liquid interface, which requires a proper continuous printing
speed (pulling speed) matching with the photopolymer curing
speed. Otherwise, printing defects such as weak-bonding (printing
too fast) and over-curing (printing too slow) may occur. In this
study, the time-dependent curing depth of the liquid resin was
characterized, as shown in Fig. 3b. Results indicated that the curing
depth ranged from 0.20 to 0.32 mm when the projecting time
increased from 4 to 9 sec, which gave an approximately 75 mm/
h estimated curing speed. To further understand the relationship
er thickness under various ADC dimeters. b) Measured curing depth of MakerJuice
plain PDMS surface and ADC-RG textured surface when printing 10 mm height and
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between the printing speed and the printing quality, we investi-
gated the ADC-RG constrained window based continuous printing
process with a printing speed ranging from 50% to 150% of the esti-
mated resin curing speed in the following test cases.

Cylinder models with 10 mm height and 10 mm diameter
(78.5 mm2 cross-sectional area) were continuously printed at a
144 mm/hour printing speed, and the pulling force was recorded
using a force-detection system [19]. The system consisted of a load
cell (LRM 200, Futek) and a data acquisition (DAQ) device (USB
6008, National Instruments). The real-time pulling force was mon-
itored in the integrated Matlab/Simulink unit. Here, we tested both
non-textured PDMS-acrylic constrained window and ADC-RG
(0.8 mm ADC diameter, 250 mm radial groove width, 150 mm radial
groove depth, and 30� angular spacing between adjacent grooves)
textured PDMS –acrylic constrained window. As shown in Fig. 3c,
the printing stopped due to an excessive pulling force (40.2 N) at
40 s when using the non-textured constrained window. This exces-
sive force occurred because the liquid interface had been depleted
and as a result the over-cured resin adhered to the constrained
window. Using the ADC-RG textured constrained window, the
10 mmwide solid cylinder was fabricated in 250 s without defects,
as shown in Fig. 3d. The pulling force during the whole continuous
printing process was only up to 2.7 N, indicating that the ADC-RG
texture created and maintained a sufficient liquid interface for pre-
venting the adhesion problem in continuous printing of solid
objects, and several solid models including cube, spline, and pyra-
mid were printed under the same setting (Fig. 3d).

In addition to the solid models, a 22.5 mm diameter cage model
was also continuously printed using this novel ADC-RG textured
constrained window. Speeds of 45.0 mm/h, 67.5 mm/h, 90.0 mm/
h, and 112.5 mm/h were tested. The parts printed with these
speeds were observed under a microscope, as shown in Fig. 4a.
Fig. 4. Printed part surface quality under varied printing speeds. a) Optical and micros
grayscale mappings, scale bar = 30 mm. c) Surface roughness raw data.
The surface finish of these printed parts was characterized by a
surface roughness tester (GT-K Optical Profiler, Bruker). The grays-
cale mappings of the surface roughness and the variations in sur-
face height are shown in Fig. 4b and 4c. Results indicated that
models printed at 45.0 mm/h and 67.5 mm/h show similar surface
finish with a measured ten-point mean roughness (Rz) of 11.1 mm
and 26.5 mm, respectively. However, with the printing speed
increased to 90.0 mm/h, undesired pores were formed on the
printed structure. The diameter of pores ranges from 100 to
500 mm, leading to a rougher and porous surface with a measured
Rz of 40.6 mm. The printing quality became worse when the print-
ing speed increased to 112.5 mm/h. The undesired void contents
are mainly caused by the incomplete photopolymerization within
the rapid resin flow at a relatively fast printing speed. It indicates
that the continuous printing speed, which is the speed to pull
the part out of the resin, should be no larger than the curing speed.
The experimental results validated that the ADC-RG constrained
window is effective for continuous printing of solid structures
and complicated hollow structures, with a maximum printing
speed close to the photopolymer curing speed.
3. Conclusion

This paper investigated a novel ADC-RG textured constrained
window design for the continuous projection stereolithography
process. The design consists of patterned air-diffusion channels
(ADC) incorporated in an acrylic plate and radial groove (RG) pat-
terns textured on a PDMS layer which is coated on the acrylic plate.
The ADC-RG textured constrained window exhibited the capability
of forming and maintaining an effective liquid interface (~100 mm
oxygen inhibition layer) to enable the continuous printing process.
cope images: left scale bar = 5 mm, right scale bar = 1 mm. b) Surface roughness
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Compared with the conventional non-textured constraint window,
the ADC-RG texture can significantly ease the pulling to avoid
adhesion failures. A small surface roughness Rz (~11 mm) was
observed in the printed parts. Experimental results validated the
feasibility and effectiveness of the ADC-RG constrained window
on continuous printing of both solid structures and complicated
hollow structures at moderate sizes and ultra-high speeds. Future
work will focus on investigating the integration of this textured
window with other existing methods with the aim of achieving
continuous printing of wide solid structures.
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