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Vat photopolymerization (VPP) 3D printing is an additive manufacturing (AM) process in which liquid
photopolymer is selectively cured using light-activated polymerization to create a desired 3D part.
Since the curing reaction is exothermic, the process of printing will generate heat and affect the resin rhe-
ology, curing kinetics and printed part properties. It is important to know the temperature of the printing
process, especially at the resin-part interface where the temperature distribution could indicate the ani-
sotropic degree of conversion and residual stress among other temperature-related properties. However,
it is difficult to measure the print interface in a desired non-contact approach due to the limited viewa-
bility and accessibility of the curing zone being sandwiched between solid build head and liquid resin.
Existing work based on simulation has limited accuracy due to model assumptions and unknown/uncer-
tain parameters. In this work, we demonstrate a framework of VPP-AM process temperature measure-
ment methods that combine in-situ thermal monitoring and finite element-based model simulation.
An in-situ temperature monitoring protocol is established to calibrate or obtain the thermal properties
of VPP material system as well as measure the reachable surface temperature (e.g., resin chamber sub-
strate, build head). These in-situ measurements are input to a physics-based model and simulation is
conducted to estimate the desired temperature profile of the resin-part interface. To validate the devel-
oped thermal monitoring-informed simulation approach, we use a characterized bottom-up thermal
imaging setup to monitor single-layer VPP printing, and our experiment result shows a good agreement
between the simulation and direct measurement results.
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1. Introduction

Vat photopolymerization (VPP) 3D printing is an additive man-
ufacturing (AM) process in which liquid photopolymers is selec-
tively cured using light-activated polymerization section by
section to create a desired 3D part [1]. PAM mainly uses ultraviolet
(UV) light to initiate the photopolymerization of the raw liquid
material. One way the light is delivered is through digital light pro-
cessing (DLP), in which LED light is masked using digital micromir-
ror devices. This allows the resin to be cured one layer at a time, as
opposed to one voxel at a time as in stereolithography (SLA). The
photopolymerization reaction in the printing process is exothermic
and could cause thermal gradients and thus printing issues. In gen-

* Corresponding author.
E-mail address: xiayun.zhao@pitt.edu (X. Zhao).

https://doi.org/10.1016/j.matpr.2022.09.027
2214-7853/Copyright © 2022 Elsevier Ltd. All rights reserved.

eral, we can expect variations in the degree of conversion (DoC) of
printed parts since the reaction rate of polymerization is a function
of temperature that is varying during the printing process. Espe-
cially in the presence of high temperature and large thermal gradi-
ent, which are usually associated with large-format printing, the
printed parts could undergo severe deformation and degradation
due to issues such as residual stress and thermal cracking [2].
Besides, the process temperature has proven to be influential on
the resin viscosity and curing performance [3].

Overall, the temperature during VPP, especially DLP based VPP
that prints one cross-section at a time, is subject to change due
to the polymerization reaction and in turn can significantly affect
the curing kinetics, resin rheology, process stability, and part prop-
erties. Information of the DLP based VPP process temperature is
needed for optimal process control but difficult to obtain due to
the lack of direct measurement techniques. Contact thermal
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measurements are infeasible since it need be either embedded into
the cured part or block the projected light to the active print
region. Infrared measurements will not work since the print inter-
face is not IR-visible due to being sandwiched between the printed
part and the resin vat. As such, the limited viewability or accessi-
bility of the curing region necessitates a method of indirectly mea-
suring the temperature. In particular, the resin-part interface
temperature profile directly affects the photopolymerization pro-
cess dynamics and cured part properties. However, it is difficult
to directly measure without probing into the curing zone.

There are minimal works in literature to characterize the tem-
perature of VPP printing processes such as stereolithography
(SLA) [4,5]. Recent literature work has shown that the photopoly-
merization mechanism within SLA can be accurately simulated to
predict properties such as geometric warping and temperature.
However, such models are restrained with in one control volume
(voxel) [5], or to a single layer in 2 dimension [4], and cannot cap-
ture real process deviations since they solely rely on some inade-
quate physics models with simplifying assumptions and
unknown/uncertain parameters.

In this work, to fill the gaps above, we develop an in-situ ther-
mal monitoring informed model simulation method that can infer
the resin-part interface temperature by combining in-situ ther-
mography from outside the resin chamber with a heat transfer
model and finite element (FE) simulation. This model will approx-
imate the geometry of a 3-D print, building upon the models that
are constraint by the dimensions. A commercial simulation soft-
ware - COMSOL Multiphysics® - is used to implement the model
simulation for predicting the temperature at the active curing
region. The developed model will serve as a baseline for a more
comprehensive Multiphysics model that can consider the chemical
reactions and dependent variables. The framework of VPP-AM pro-
cess temperature estimation methods will provide a technical
guidance for monitoring VPP processes with good accuracy and
offer insights about the process kinetics and material evolution
to predict part properties.

2. System and methods
2.1. VPP system

Fig. 1 shows the schematics of a typical DLP VPP printer, also
the one used in this work. The DLP image is projected through
the bottom of the resin chamber, in this case, through a poly-
dimethylsiloxane (PDMS) bottom. The PDMS substrate permits
the oxygen to diffuse into the liquid resin, generating an inhibition
zone to isolate the print parts from the substrate [6]. To allow in-
situ thermal imaging of the print area with an infrared (IR) thermal
camera from the top, we custom a build head (print head) using IR
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Fig. 1. Representation of DLP VPP Printer.
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transparent material. The print starts with the build head inserting
into the resin. After one layer is cured, the print head moves up by
a specified layer thickness, and the void will be filled by the sur-
rounding uncured resin and then a new layer is cured. This layer-
by-layer process is repeated until the target 3D part is fabricated.

2.2. In-situ thermal monitoring

We develop an in-situ temperature monitoring protocol to cal-
ibrate and obtain the thermal properties of VPP material system as
well as measure the reachable surface temperature (e.g., resin
chamber substrate, build head). These in-situ measurements are
input to a physics-based model and simulation is conducted to
estimate the desired temperature profile of the resin-part
interface.

The printed part is observed using a thermal camera (FLIR Ther-
maCAM S40) at two positions. One is on-axis above the print
through the print head. A 1-inch ZnSe broadband window (Thor-
labs WG71050) is fashioned into a printhead as it is transparent
in the IR wavelength used by the thermal camera. The other
observed position is off-axis under the print vat at a 20-degree
angle from the surface of the vat. The emissivity of the surface
observed is calibrated using a thermal couple at the appropriate
angles of contact. Position A, from Fig. 2, is measured to have an
emissivity of 0.85, and Position B, from Fig. 2, had an emissivity
of 0.98.

The purpose of Position A setup is to collect data for better
understanding and simulation of the polymerization process as
well as provide a validation step for the exothermic model of the
polymerization chemistry. A thermal camera placed at Position B,
however, would be the sensor used ultimately to validate and pro-
vide feedback for the simulation parameters in the future.

2.3. Physics model and finite element based simulation

We can describe this system using a basic transient thermal
equation with a complicated heat generation term, shown in Equa-
tion (1).
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Herein, instead of solving this explicitly, COMSOL is used to
solve the thermal system. For faster processing, an axisymmetric
assumption is made as the printed part is a cylinder. Four parts
of geometry is assumed. The PDMS vat layer at the bottom, labeled
A; a layer of bis-EMA on top of the vat, labeled B; a subset of the
bis-EMA, i.e., the thickness of the print layer being the “active
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Fig. 2. Position of the thermal camera.
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Fig. 4. A representative thermography of the printed part taken from the top with
the camera looking down through the build head (Position A).

region”, labeled B_a; and a printed part bis-EMA with varied den-
sity to emulate the increasing layers of bis-EMA, labeled C. The
printed part, C, has a density that is a step function which starts
at 0, and increases by increments such that the total mass of C is
equivalent to the mass of the printed layers. The geometry is
shown in Fig. 3.

A thermal insulation boundary condition is used in all outward
facing surfaces, and a pre-set temperature is set at the active region
using the thermal gradient measured from Fig. 4(a) and (b).
Assumptions are made for the thermal properties of both the resin
and PDMS to be invariant relative to temperature.

3. Experimental design and material
3.1. Experiment design

In this work, as a demo case, simple cylinders are printed using
our in-house DLP printer. A circle with 10 mm in diameter is used
as the projected image. The light power received by the print area
is measured to be 3.34mW at the print stage (without PDMS), and
2.81mW through the PDMS substrate, using an optical power
meter (THORLABS PM400 with 10 mm diameter sensor). The nom-
inal printing process is set up with a one second LED (460 nm) on
time and 1 s of LED off time for each layer. In practice, it takes
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Table 1

Estimated thermal properties of bis-EMA.
Property Value Source
Resin conductivity 0.2 W/mK [8]
Resin density 965 kg/m3 [9]
Resin diffusivity 1x1077 m?/s [10]

Table 2

Thermal properties of PDMS.
Property Value Source
PDMS conductivity 0.15 W/mK [11]
PDMS density 965 kg/m?3 [11]
PDMS heat capacity 1.46 KkJ/kg K [11]

about 3.6 s per layer. The layer thickness is set to be 0.05 mm.
100 layers are printed for each sample with a target thickness of
5 mm. There are signs of overcuring, which causes the parts to
be around 15 mm in diameter and 6 mm thick instead of the
desired 10 mm in diameter and 5 mm thick. Nevertheless, the
replications of printing result in consistent part sizes throughout
the experiments. The overcuring is mainly due to the non-
optimal process setting, which is outside the scope of this work.

3.2. Materials

The resin recipe is based on the works of de Beer et al [7].
Bisphenol A ethoxylate diacrylate (Bis-EMA, and BPAEDA in de
Beer’s work) is used as the resin with camphorquinone (CQ) as
the photo-initiator, and ethyl 4-(dimethylamino)benzoate (EDAB)
as the co-initiator. Bis-EMA was selected due to many outside fac-
tors, namely stock availability at the time. The material system
allows us to cure the resin using blue light at the wavelength of
460 nm.

Although there’s little literature on the thermal parameters of
bis-EMA - i.e., the thermal conductivity, heat capacity, and thermal
diffusivity - we can find values of similar resins, summarized in
Table 1. Further investigation will be required for exact values
but is unreasonable at this stage of work.

The resin vat is created using PDMS. This is used to create a
dead zone at the bottom of the vat. The thermal properties of PDMS
are better documented and summarized in Table 2.

4. Result of In-Situ thermography measurements

2-D measurements of temperature are made through the in-situ
thermography Position A during all the experimental VPP prints as
shown in Fig. 4 The measured maximum temperature is used rep-
resent the transient response, as shown in Fig. 5(a) and (b).

From Position A, we can measure the maximum temperature of
the printed part. We can observe from Fig. 4(b) a linear increase in
temperature before the effects of diffusion takes over the active
region’s temperature. From the measurement, we can observe a
thermal rate of 0.1 degrees per second (0.1 K/s) in the first 4 layers
printed.

5. Simulation result and experimental validation

Implementing the model and simulation method as introduced
in Section 2, in COMSOL, a pre-set temperature at 0.1 K/s is set at
the active region using the thermal rate measured from Position
A setup (see Fig. 5), we can estimate the resin-part interface tem-
perature distribution. We simulate the 2D temperature profile at
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Fig. 5. (a) Maximum temperature of resin from Position A (b) zoomed in.

the resin-part interface and validate the results by examining the
single point of maximum temperature as well as the 2D
distribution.

5.1. Measuring the maximum temperature of curing region

One key temperature metric of interest is the maximum tem-
perature in the curing region, since it indicates how significant
the temperature effect could be and help estimate the worst ther-
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mal damage scenario. The max temperature occurs at the center of
curing region between the print part and vat substrate. We assume
that the curing region center and the vat substrate center coincide
considering their distance is on the order of microns and thus neg-
ligible. This assumption eases the extraction of the temperature
from the thermography which is used to provide a ground truth
measurement for validating the simulation result. In the simula-
tion of maximum temperature, a virtual probe is placed at the bot-
tom of the vat at r = O to measure the max temperature at the
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Fig. 6. (a) Actual (thermography) and (b) Predicted (model) max temperature at the bottom center of the vat.
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Fig. 7. (a) Measured and (b) Predicted temperature distribution of the curing region observed at the bottom of the vat while printing the last layer.
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Fig. 8. RMSE of the predicted temperature of the bottom of the vat on the r-axis.

bottom of the vat, same position as the value taken from the
thermography.

In validation experiment, by using the thermal camera to view
from the bottom side of the vat (Position B as shown in Fig. 1), a
circular temperature profile is observed as the heat from the
exothermic polymerization reaction is diffused to the vat substrate
(PDMS). There is zero temperature change for the first 60 s, and
after the delay a constant temperature change rate is observed.
The delay is due to the diffusivity of heat from the heat source to
the measured surface and is a function of mainly the diffusivity
of the resin and PDMS. We can notice, from Fig. 6 (a) and (b) that
the simulation is able to show the delay of temperature change
until around 60 s, as well as the temperature change from 293 K
to 307 K through the entirety of the print.

5.2. Measuring the 2D temperature distribution of curing region

After comparing the single-point measurement of the maxi-
mum temperature (Fig. 6), we further investigate the simulation
of 2D temperature distribution of the curing region. As we men-
tioned earlier, the 2D temperature field at the resin-part interface
directly affects the kinetics rates across the print area and thus
induce anisotropic curing. A snapshot of the temperature profile
at the end of the print is presented in Figs. 7(a) and 6(b) for the
thermal camera measurement and the simulation prediction,
respectively. The thermal camera measure profile is not a perfect
circle due to the perspective transformation errors.

Further analysis of the accuracy of the prediction is done by
comparing the 2D temperature predicted to what is observed. An
average of root mean square error (RMSE) difference of the tem-
perature is done for every 10 s with the data points taken radially
from the maximum temperature — which we assumed to be the
center of the circle outwards. This is shown in Fig. 8. We can see
that the predicted temperature is within a deviation of 2-3 degrees
Kelvin for most cases.

6. Conclusion and further work

The developed in-situ monitoring informed model simulation
method allows for taking surrounding temperatures that are more
easily or directly measurable to infer the temperature profile across
the curing area (resin-part interface). It mitigates the demanding
in-situ thermal monitoring challenges, as we can place the thermal
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camera or thermocouple probes outside of the print area and
approximate the temperature distribution in the print area.

This work lays down a strong foundation for the simulation of
thermal diffusivity within VPP 3D printing. Further expansion of
the simulation, with experiments to measure the thermal parame-
ters of the material can increase the accuracy of the prediction. The
next steps in terms of the simulation are to add the chemical kinet-
ics and to better model the exothermic energy source. In the long
term, a control system is to be created. The input being the printing
parameters such as voxel light intensity, light on and off time, etc.
to control the temperature in the active region. The thermal cam-
era placed in Position B to measure the signal for feedback control.
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