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Abstract 
 
 Exposure controlled projection lithography (ECPL) is an additive manufacturing process 
in which photopolymer resin is used to fabricate three-dimensional features. During this process, 
UV curing radiation, controlled by a dynamic mask, is projected through a transparent substrate 
onto the resin. COMSOL software has been used to model the photopolymerization reaction 
kinetics, predicting the cured part geometry based on certain process parameters. Additionally, 
an Interferometric Curing Monitoring (ICM) system has been implemented to acquire real-time 
information about the optical properties of the cured part. Potential sources of error with the real-
time monitoring system were investigated. Additionally, refractive index and degree of 
conversion changes were modeled throughout the reaction. Measured and simulated results were 
compared to understand the ICM signal with the reaction kinetics. These comparisons were used 
to validate the simulation model and identify system level errors that must be reconciled to 
improve the accuracy and precision of the ECPL process. 
 
 
1. Introduction 
 

Photopolymerization is an additive manufacturing (AM) process that creates solid 
polymer structures by selectively shining light, often ultraviolet (UV) irradiation, onto a 
photosensitive monomer-rich bath. The work presented in this paper is based on Frontal 
Photopolymerization (FPP), which is characterized by the one-dimensional propagation of a 
planar curing front, or interface between the uncured liquid monomer and cured solid polymer, in 
the direction from which the light is exposed. [1] In ECPL, 3D features are cured in a 
photopolymer resin bath by UV light. The dimensions of the sample can be controlled by altering 
the curing radiation time and radiation profiles, which are prescribed by a series of bitmap 
images. Recently, researchers such as Erdmann et al. [2] and Mizukami et al. [3] have developed 
similar techniques to the ECPL process. However, methods of controlling the process to achieve 
high accuracy and precision in the final cured shape were not presented. Jariwala et al. [4] 
subsequently developed a photopolymerization model to simulate the effects of oxygen 
inhibition during polymerization. Although modeling the oxygen inhibition process provided 
results that more closely matched the observed experimental trends, the model was found 
inadequate to predict the exact shape of the cured part. This paper presents a more accurate, 
experimentally validated model with revised photopolymerization rate constants. Additionally, 
an integrated measurement method, the ICM system, has been implemented, using the principles 
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of interference optics to monitor the dimensions of the cured part in real time. Results from the 
simulation and from ICM were compared to verify the process model and gain a better 
understanding of the optical properties of the cured parts resulting from the ECPL process.  
 
 
2. Literature review 
 

This section reviews the existing methods of real-time monitoring for stereolithography-
based AM processes and the existing ECPL process model. An overview of the ICM system is 
given, outlining the functionality of the process and the components that comprise it. 
Additionally, the ICM method of height estimation is described, illustrating how the signals are 
analyzed to determine the cured part height. 
 
 
2.1. Methods of real-time monitoring for frontal photopolymerization  
 
 One of the main challenges in additive manufacturing (AM) is to ensure the production of 
accurate and precise parts. Since it is difficult and often impractical to directly measure parts 
during fabrication, a more circuitous method is employed, observing and analyzing contingent 
external features and effects of the process.  
 

Several methods have been developed for monitoring FPP in real time. One such method 
involves detecting spatiotemporal electrical resistance in order to track the propagation of the 
curing front. As solid polymer typically exhibits significantly higher electrical resistance than the 
corresponding monomer, the overall electrical resistance can be measured throughout the 
fabrication to infer the progress of polymerization [5]. Another method of monitoring FPP is 
based on temperature profiles. Due to the exothermic nature of the reaction, the highest 
temperature is at the curing front. Thus, the location of the curing front in relation to the sensing 
point can be determined by the measured temperature [5]. However, this method can only be 
used for larger samples with a thickness of several mm, and is not sensitive enough to be applied 
to samples cured with ECPL, which are generally under 100 μm. 

 
 

2.2. Existing ECPL photopolymerization model 
 

Photopolymerization is the reaction of monomers or macromers to produce solid 
polymeric structures by light-induced initiation and polymerization [6]. The ECPL process uses 
acrylate monomers to fabricate the desired features. The resin consists of a 4:1 mass ratio of 
monomer and photoinitiator. The monomer is trimethylolpropane triacrylate (TMPTA) from 
Sartomer SR351h, and the photoinitiator is 2, 2-dimethoxy-1, 2-diphenylethan- 1-one (DMPA, 
IRGRACURE-651) obtained from Ciba Specialty Chemicals. In stereolithography, a free radical 
is generated photo-chemically. The source of the photo-chemically generated radical is a 
photoinitiator molecule, which reacts with an actinic photon. This produces radicals that initiate 
the polymerization process.  
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To estimate the initiation rate constant, the light penetration depth is considered. 
According to Beer-Lambert’s law of absorption, the light exposure at a depth z can be calculated 
using the Equation 1, where Emax is the exposure at the surface where z = 0, and Dp is the resin 
penetration depth at the given wavelength [7]. 
 
 
 
 
The cure depth can be obtained using Equation 2, where Ec is the critical energy, the minimum 
exposure energy at which the resin will cure [7]. 
 
 
 
 
However, Equations 1 and 2 assume that the attenuation of radiation through a cured layer and 
through the uncured resin is the same. Limaye and Rosen have determined that the attenuation 
through the cured material is significantly less than it is through the uncured resin [8]. Thus, 
Equation 2 is modified to Equation 3, where DpL is the penetration depth in a liquid and DpS is 
the penetration depth in a solid [6]. 
 
 
 
 
The parameters Ec, DpL and DpS are usually fit to experimental data at a specific resin 
composition and cure intensity. Moreover, this empirical model was found not to be adequate to 
predict the actual reaction inside the resin.  
 
 
2.3. Existing ICM system 
 

The ICM system, presented in detail in [8] was developed to monitor the curing process 
by measuring the dimensions of the cured part in real time. Figure 2 shows a schematic of the 
system. A visible light laser is used as a source for an interferometry system based on the 
principles of a Mach-Zehnder interferometer. A beam expander expands the laser beam to cover 
the entire area of interest. The Spatial Light Modulator (SLM) system consists of an SLM chip 
between two polarizers and a spatial filter, which decreases the diffracted patterns. The SLM 
system can reduce the laser beam to a point sensor and move it in the lateral directions. The 
beam splitter then directs the laser beam down onto the resin chamber. The resin chamber, where 
the part is cured, consists of liquid resin filled between two glass slides. The signals resulting 
from the combination of the reflected light are then captured by a CCD camera. 
 
 
 
 
 
 

(1) 

(2) 

(3) 
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The ICM system detects the difference in optical path length between the light reflected 
from the top and bottom glass slides of the resin chamber. During the reaction, the overall 
refractive index of the chamber changes as part of the liquid resin is solidified. Thus, the phase 
of the beams reflected from the surfaces of the bottom glass slide change throughout the 
photopolymerization process while the phases of the beams reflected from the surfaces of the top 
glass slide remain constant. This generates the change in the interference patterns captured by the 
CCD camera.  
 

To quantify the phase shift, the reflected light is characterized in terms of five different 
beams reflected from each of the interfaces of the resin chamber, as illustrated in Figure 3. The 
light path in Figure 3 is inclined in order to clearly illustrate the multiple reflected beams. In 
reality, the original beam and all the reflected beams are vertical and coincident. The recorded 
signal is determined by the difference in phase between each set of two wave components 
depicted in the figure. All oscillating phase components are attributed to the cured height Z. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic of ICM system 
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Under the assumption that all process parameters are momentarily invariant, with Z being 
the only varying factor, it becomes evident that the instantaneous frequency (IF) of the signal is 
dependent only upon the rate of curing, Ż. The aforementioned phase components comprise the 
four signals described in Table 1 [9]. Using experimental data from Jones et al [10], the IF values 
have been estimated for a part cured with an exposure intensity of about 8.86 W/m2. The 
frequencies f1 and f2 are too high to be detected by the ICM camera, which operates with a frame 
rate of 30 frames/s. Therefore, the phase shift observed by the ICM system only constitutes the 
low frequency signal corresponding to f, which accounts for the light reflected from the top and 
bottom glass slides of the resin chamber. However, the presence of f1 and f2 could contribute to 
the amplitude of the signal without affecting the phase shift. This is a possible cause of the 
arbitrary amplitude fluctuations in the ICM signal.  

 
 

 
 
 
 
 
 
 
 
 

The ICM sensor model is characterized by Equations 4 and 5, where IM is the intensity 
measured by the CCD camera, I0 is the overall average intensity, I1 is the superposed intensity of 
all the interference beams with the same instantaneous frequency f, δ is the time-varying phase 

Table 1:  Instantaneous frequency analysis for ICM 

Figure 2: Multi-beam interference optics model for ICM 

1722



component in the intensity model, φ is the static superposed phase offset, nl is the liquid 
refractive index, and nm is the average refractive index of the cured solid. [9]  
 
 
 
 
 
 
 
Solving differential Equation 5 using Euler’s Method yields Equation 6, where Ti is the time step 
of integration and fi is the IF in the ith run of parameter estimation. [9]  
 
 
 
 
 
In summation, for the first time period of the signal, the ICM system senses the change in the 
time-varying interference pattern, and estimates the IF of the interference pattern, which can then 
be used to estimate the height of the cured part. This procedure is repeated for each subsequent 
time period as the part is cured. Figure 3 shows an example of the intensity over time graph for a 
point on a sample cured with a UV light intensity of 8.86 W/m2 and exposure time of 12 s along 
with the total measured phase shift and estimated height [9]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Typical intensity vs. time graph 

(4) 

(5) 

(6) 
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3. Background on ECPL process 
 

The existing ECPL system, depicted in Figure 1, is presented in detail in [8]. UV light 
serves as the curing radiation for the process. The light travels through the beam conditioning 
system, which homogenizes its intensity, onto the Digital Micromirror Device (DMD). The 
DMD is an array of square mirrors that can be oriented to display the desired pattern as 
prescribed by the image input, with each mirror corresponding to a pixel. The light is then 
reflected through the projection system, which resizes and focuses the image, and projects it into 
the resin chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. ECPL Process Model 
 

A COMSOL simulation of the ECPL process has been developed to predict the geometry 
of the cured part based on the sequence of curing radiation patterns and the time period of the 
exposure. This simulation models the photopolyermization reaction kinetics of the ECPL 
process.  
 
 
4.1. Photopolymerization model 
 

The following reactions describe the photopolymerization process of ECPL. When 
the photopolymer resin receives light energy, the photoinitiator absorbs it and decomposes into 
two radicals with first order rate constant Kd. Equation 7 depicts this initiation process. 

 
 
 
Equation 8 describes the estimation of the rate constant Kd for initiation. The initiator 
decomposition rate is known in literature and is modeled as a function of the local intensity, 

Figure 4:  Schematic of ECPL system 

(7) 
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where 0 < Ф < 1 is the quantum efficiency of the photoinitiator, NA is Avagadro’s number, h is 
Planck’s constant, and c is the speed of light [7]. 
 
 
 
 
The radicals can then react with the double bonds to form longer chains, form a dead radical, or 
be quenched with dissolved oxygen, as depicted by Equations 9, 10, and 11. 
 
 
 
 
 
 
 
 
Rdead is the dead radical that is not able to react with monomers or polymers to form more 
complex chain or net structures. The rate constants used are Kp for propagation of a radical 
through an acrylate double bond, Kt for termination between two radicals, and Kt,O2 for 
termination of a radical with an oxygen molecule. The overall rate of initiator decomposition, Ri, 
is modeled by multiplying the rate constant Kd by the initiator concentration [In], as shown in 
Equation 12. 
 

 
 

The diffusion effects of oxygen were realized to have significant influence on the size, shape, 
and properties of parts fabricated by stereolithography. The polymerization kinetic model 
incorporates the chemical reaction inside the resin with oxygen diffusivity in two dimensions. 
The kinetic equations for the concentrations of double bonds [DB], live radicals [R·] and oxygen 
[O2] is given in Equations 13, 14, and 15. 
 
 
 
 
 
 
 
 
 
 
The effect of oxygen inhibition and diffusion was explicitly modeled in Equation 15. Due to the 
high diffusivity of dissolved oxygen in the photopolymer resin, it was assumed that the oxygen 
would primarily diffuse from uncured top layers of the resin chamber down to the curing front, 
competing with double bonds for radicals. This significantly slows the rate at which the double 
bonds are converted, thus increasing the gel time. Equation 15 was modified to account for 
oxygen diffusion in two dimensions, which is shown in Equation 16 [11]. 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 
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The rate constants from the ordinary differential Equations 15-18 were modeled along 
with a diffusion model (chdi) in COMSOL to estimate the concentration of the individual species 
at a given time and location within the resin chamber. The concentration of reactants, especially 
the monomer concentration [M], can be used to estimate the profile of the cured part. Carothers 
and Flory described a gel as an infinitely large, insoluble molecule [12] [13] [14]. Flory used this 
definition to estimate the degree of conversion necessary for the onset of gelation based on the 
functionality of the reacting monomers [14]. Once the resin starts to gel, the viscosity of the 
solution increases sharply, and the resin undergoes a rapid transition from a liquid state to a solid 
state [15]. The degree of conversion is computed using Equation 17, where the initial monomer 
concentration is [M0] and the monomer concentration after polymerization is [M]. 

 
 

 
 
The shape of the cured part can then be estimated by tracking the coordinates within the resin 
chamber where the conversion has reached the critical conversion limit. Using the 
aforementioned rate constants, a conversion cut-off value of 20% was determined by fitting to 
the experimental data for TMPTA with oxygen in [16]. 
 
 
4.1.1. Optimization of reaction rate constants 
 

In Jariwala et al, the rate constants, Kt, Kp, and Kt,O2 were estimated by fitting the 
simulation results with the experimental data from Fourier-transform infrared (FTIR) 
experiments [17]. Figure 5 presents a comparison of simulation predicted cured height over time, 
represented by the blue line, and some experimental data points, represented by the orange x’s.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(16) 

(17) 
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It is suggested that the individual rate constants are not unique and may vary. Since the 

FTIR experiments were conducted at 100 times the intensity of the light used in the ECPL 
system, it is possible that the effect of oxygen inhibition and diffusion was not adequately 
captured using the presented rate constants. Hence, these constants were varied to suit the ECPL 
experimental conditions. 
 
 To investigate the effects of the rate constants on the cured height vs. time working 
curve, a parameter study was conducted, varying one parameter while keeping the other 
rates the same [18]. It was found that increasing Kp resulted in prediction of a larger cured 
part. Kt,O2 did not have significant influence on the working curve, and the oxygen diffusion 
rate had no effect on the curvature of the working curve.  Thus, to optimize the rate 
constants, the oxygen diffusion rate was found to acquire the curvature of the working 
curve. Then Kp was found to fit the simulation working curve to the experimental working 
curve, and Kt,O2 was altered to the best fit. The revised values for Kp, Kt, Kt,O2, and oxygen 
diffusion are 0.95 m3/mol-s, 0.43 m3/mol-s, 300 m3/mol-s, and 0.42 m2/s.  
 
 
4.2. Numerical finite element (FE) model 
 

Photopolymerization simulations were conducted using COMSOL software to predict the 
height and profile of the final cured part. The working bitmap, which has a width of 90 pixels, 
projects an irradiation region of 560µm. A 2D FE model was created to simulate the 
experimental conditions. The width of the model was taken as 1mm and the height as 200µm, 
both of which match the size of the reaction chamber in the actual experimental setup. 1855 
triangular elements were used in the simulation. The size of the finest mesh in the irradiation 
area is 8µm. Figure 6 shows the reaction chamber modeled in COMSOL. The entire rectangular 

Figure 5: Comparison of predicted height vs. time with experimental data 
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reaction chamber is assumed to be filled with liquid photopolymer. All boundaries are assumed 
to be insulated. This closely resembles the actual experimental conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
5. Results and Discussion 
 

The process model was analyzed against experimental results, validating its ability to 
predict the cured part geometric profile based on the intensity and exposure time of the radiation. 
Additional experiments were conducted to investigate the scientific meanings of the ICM signals 
with the reaction kinetics of photopolymerization and verify the exactitude of the intermediate 
workings of the process model.  
 
  
5.1. Experimental validation of process model 
 
 To test the process model, three samples were cured with exposure times of 10 s, 20 s, 
and 30 s, with a UV light intensity of 8.86 W/m2. After the fabrication process, the top glass slide 
was removed from the resin chamber and the uncured resin was washed off using a combination 
of surfactant and distilled water. An Olympus LEXT OLS4100 laser confocal microscope was 
used to measure the cured part profile, using the bottom glass slide as the reference. Figure 7 
shows the results, with the experimental cured profiles, represented by the solid lines, 
superimposed on the simulation predicted cured profiles, which are depicted as dashed lines. The 
simulation using the revised rate constants proved to be very accurate in predicting the profiles, 
with a dimensional error of approximately 5%. 
 
 
 
 
 
 

Figure 6: Mesh model of resin chamber 
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Figure 8 shows the simulation predicted cured height over time before and after 
optimization of the rate constants, where the blue line is the previous simulation prediction, the 
orange line is the revised simulation prediction, and the orange x’s are experimental data points. 
It is evident that the revised rate constants result in a significantly closer match to the 
experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 8: Comparison of predicted height vs. time before and after rate constant optimization with 
experimental data 

Figure 7: Comparison of predicted and experimental cured profiles 
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5.2. Analysis of process model with ICM 
 
 Two additional samples were cured with an exposure time of 30 s and intensities of 2.14 
W/m2 and 2.52 W/m2, while monitored by ICM. The phase shift over time for these experiments 
was modeled with respect to the simulation and ICM. To calculate the phase shift from the 
degree of cure as predicted by the simulation, a one-dimensional vertical segment located at the 
center of the cured sample was considered. First, the refractive index at each second of curing 
was calculated. Past research confirms a linear relationship between the refractive index and the 
degree of conversion [19]. Using this relationship, the refractive index for each layer modeled by 
the simulation was calculated and then scaled based on the thickness of the layer to find the 
overall refractive index. Equation 18 describes this process, where Δz is the change in height 
between consecutive data points, Z is the total height of the vertical range analyzed, ns is the 
solid refractive index, and ci is the degree of conversion of the ith data point. 
 
 
 
 
The phase shift was then computed from the refractive index with Equation 19, where φ 
represents the phase shift, t is the height of the resin chamber, and λ is the wavelength of the 
detecting laser. 
 
 
 
 
Figures 9 and 10 show the results for sample 1, cured at 2.14 W/m2, and sample 2, cured at 2.52 
W/m2. The simulation predicted results are shown in red, and the experimental phase shift over 
time as observed by ICM is shown in blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(18) 

(19) 
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Figure 9: Comparison of predicted and experimental phase shift over time – 2.14 W/m2 

Figure 10: Comparison of predicted and experimental phase shift over time – 2.52 W/m2 
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The similar logarithmic shape of the two distributions shows potential for the simulation 
to correlate with ICM. Both the simulation and ICM show the start of curing at the same time, 
which indicates the same amount of inhibition time. Additionally, the simulation shows no 
significant dark curing beyond the end of irradiation, which is consistent with the observations 
from ICM. However, there are a number of discrepancies that have yet to be accounted for. The 
simulation generally predicts slightly faster curing than is observed by ICM, and a higher total 
phase shift.  

 
 Considering the ICM camera frame rate of 30 frames/s, the phase shift signal captured is 
accurate to approximately 0.033 s. Estimating the frequency of the interference patterns for 
samples 1 and 2 to be 1.5 rad/s and 1.7 rad/s, respectively, yields expected errors of 0.050 rad 
and 0.056 rad for the ICM phase shift measurement. The COMSOL simulation has a time scale 
resolution of 0.10 s. This contributes 0.15 rad and 0.17 rad to the expected errors of samples 1 
and 2. Additionally, the confocal microscope measurement, which was used to calibrate the 
COMSOL simulation to the radiation intensity, has an error of approximately ± 1.5 μm, but this 
difference has a negligible effect on the simulation prediction of the degree of conversion and the 
subsequent phase shift calculations. Thus, the total expected errors for samples 1 and 2 are 0.20 
rad and 0.22 rad. The experimental error, which amounts to 2.5 rad for both samples, does not lie 
within the expected error range. 
 

There are several possible contributing factors to these disparities. Internal reflections of 
the laser beam within the resin chamber could alter the signals captured by the ICM camera. 
Additionally, the part geometry could effect how the laser light is reflected from the curing front, 
i.e. the light would reflect from uneven surfaces at an angle instead of directly upwards.  
 
 
6. Conclusion 
  

This work constitutes a comprehensive process model for mask-based stereolithography, 
demonstrating that the existing ECPL photopolymerization model can be improved significantly 
by revising the rate constants to fit experimental data. Comparing COMSOL simulated profiles 
for several samples with the experimental results confirms that the process model is effective in 
predicting the part geometry. The refractive index over time for the photopolymerization reaction 
was modeled based on the simulation, and the phase shift over time was subsequently 
determined. These results were compared to experimental ICM results, which showed a general 
correlation, with coincident start of curing and no significant dark reaction. The comparisons 
also revealed some inconsistencies between the predicted and experimental progression of 
curing, with the simulation predicting a larger phase shift than is shown in ICM. Future work 
will investigate the reasons behind the difference between phase shift over time as modeled with 
respect to the simulation and ICM, and aim to improve the experimental set-up to reduce these 
errors and/or alter the model to account for them. 
 
 
 

1732



Acknowledgments  
 

This material is based on work supported by the National Science Foundation under 
Grant No. CMMI-1234561, and was performed in part at the Georgia Tech Institute for 
Electronics and Nanotechnology, a member of the National Nanotechnology Coordinated 
Infrastructure, which is supported by the National Science Foundation under Grant No. ECCS-
154217). 
 
 
References 
 
[1] Matyjaszewski, K. & Möller, M., 2012, Polymer Science: A Comprehensive Reference, 
Elsevier BV, Amsterdam, Chap. 4. 
 
[2] Erdmann L., Deparnay A., Maschke G., Längle M., Bruner R., 2005, “MOEMS-Based 
Lithography for the Fabrication of Micro-Optical Components”, Journal of 
Microlithography, Microfabrication, Microsystems, 4(4), pp. 041601-1, -5.  
 
[3] Mizukami Y., Rajnaik D., Rajnaik A., Nishimura M., 2002, “A Novel Microchip for 
Capillary Electrophoresis with Acrylic Microchannel Fabricated on Photosensor Array”, 
Sensors and Actuators B, 81, pp. 202-209.  
 
[4] Jariwala A., Ding F., Zhao X., Rosen D., 2008, “A Film Fabrication Process on Transparent 
Substrate Using Mask Projection Stereolithography”, D. Bourell, R. Crawford, C. Seepersad, J. 
Beaman, H. Marcus, eds., Proceedings of the 19th Solid Freeform Fabrication Symposium, 
Austin, Texas, pp. 216-229.  
 
[5] Hennessy, M., Vitale, A., Matar, O., Cabral, J., 2015, “Controlling Frontal 
Photopolymerizaiton with Optical Attenuation and Mass Diffusion,” Physical Review E, 91. 
 
[6] Limaye, A. & Rosen, D., 2007, “Process Planning Method for Mask Projection Micro-
Stereolithography,” Rapid Prototyping Journal, 13(2), pp. 76-84. 
 
[7] Gibson, I, Rosen, D.W., Stucker, B., Additive Manufacturing Technologies: Rapid 
Prototyping to Direct Digital Manufacturing, Second Edition, Springer, 2015. ISBN: 978-1-
4939-2113-3.  
 
[8] Jariwala, A., Schwerzel, R., & Rosen, D., 2011, “Real-Time Interferometric Monitoring 
System for Exposure Controlled Projection Lithography,” Proceedings of Solid Freeform 
Fabrication Symposium. 
 
[9] Zhao, X. & Rosen, D., 2016, “Real Time Interferometric Monitoring and Measuring of 
Photopolymerization Based Stereolithographic Additive Manufacturing Process: Sensor Model 
and Algorithm,” Measurement Science and Technology, 21(1). 
 

1733



[10] Jones, H., Jariwala, A., and Rosen, D., 2014, “Towards Real Time Control Of Exposure 
Controlled Projection Lithography,” Proceedings of International Symposium on Flexible 
Automation. 
 
[11] Jariwala A., Ding, F., Boddapati, A., Breedveld, V., Grover, M., Henderson, C., & Rosen, 
D. “Modeling effects of oxygen inhibition in mask-based stereolithography,” Rapid Prototyping 
Journal, 17(3), pp. 167-175. 
 
[12] Carothers, W. H., “Polymerization,” Chemical Reviews, 8(3), pp. 353–426, 1931. 
 
[13] Carothers, W. H., “Polymers and polyfunctionality,” Transactions of the Faraday 
Society, 32(1), pp. 0039–0053, 1936.  
 
[14] Flory, P. J., “Molecular size distribution in three dimensional polymers. I. gelation,” 
Journal of the American Chemical Society, 63, pp. 3083–3090, 1941.  
 
[15] Winter, H. H. and Chambon, F., “Analysis of linear viscoelasticity of a crosslinking 
polymer at the gel point,” Journal of Rheology, 30(2), pp. 367–382, 1986. 
 
[16] Boddapati, A., “Modeling Cure Depth during Photopolymerization of Multifunctional 
Acrylates,” M.S. Thesis, Georgia Institute of Technology, School of Chemical & Biomolecular 
Engineering, Atlanta, 2010. 
 
[17] Jariwala A., Jones H., Kwatra A., & Rosen D. W., 2013, “Process Planning Method For 
Exposure Controlled Projection Lithography”, Proceedings of the 24th Solid Freeform 
Fabrication Symposium, Austin, Texas, pp. 95-110. 
 
[18] Zhang, Y., 2016, “Empirical Process Planning for Exposure Controlled Projection 
Lithography,” M.S. thesis, School of Mechanical Engineering, Georgia Institute of Technology. 
 
[19] Dorkenoo, K., van Wonderen, A., Bulou, H., Romeo, M., Crégut, O., Fort, A., “Time-
resolved measurement of the refractive index for photopolymerization processes,” Applied 
Physics Letters, 80(12), pp. 2474-2476, 2003. 
 
 

1734


	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index
	Print
	Search



